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Chapter 1  

 

Introduction 

 

This chapter highlights the background and motivation of our research on 

organic-inorganic hybrids in this PhD project as well as giving an outline of the 

dissertation. It shortly reviews how organics and inorganics can be combined at the 

molecular level to get new functionalities. Such materials maintain the flexibility to 

substitute the organic or inorganic components, thereby varying the properties. Hence 

these hybrids represent new generation of materials possessing promising applications. 

However, numerous challenges are still being faced during the synthesis of these 

materials.  
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1.1 Hybrids: a unique way to generating new materials 

The design of new materials with useful physical or chemical properties, in particular 

regarding electrical, magnetic, and catalytical behaviour, are a major theme in materials 

science.[1]–[12] The organic-inorganic hybrids subject of this thesis, combine inorganic 

and organic components at the molecular level. Organic-inorganic hybrid films present 

both challenges and opportunities with respect to promising applications, as well as for 

the observation of interesting physical phenomenon.[13]–[16] The organic block can 

offer structural flexibility, convenient processing, potential for semiconducting behavior, 

tunable electronic properties, photoconductivity, and efficient luminescence. The 

inorganic block can form the basis for magnetic or electric properties, and confer good 

thermal and mechanical stability. [17]–[20] 
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Figure 1.1 Crystal structure of the bulk organic-inorganic hybrid where 2-dimensional 

inorganic sheets of corner-sharing octahedral were combined with well-ordered layers of 

organic molecules (top panel).[19], [21] The crystal structure of CuCl4(C6H5CH2 

CH2NH3)2 was determined by single crystal X-ray diffraction at 100 K (bottom panel). 

Figure 1.1 demonstrates one such example of a hybrid material that shows both 

ferromagnetic and ferroelectric properties due to the combination of organic 

C6H5CH2CH2NH3 and inorganic CuCl4 sheets at molecular level by self-assembly,[19], 

[21] this material has promise for electronic devices like data storage.  

However, thin films are the most desirable form of these materials for device applications, 

so inspired by the report mentioned above, hybrid LB films with molecular formula 

(MAH
+
-ODAH

+
)CuCl4

2-
 were synthesized  through  Langmuir-Blodgett deposition 

and showed ferromagnetic ordering below 10 K,[22] as described in Figure 1.2. The LB 
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films appear to be a perfect candidates for applications  in  electronics,  due  to  

their  robust  magnetic  properties. 

 

 

Figure 1.2 Schematics of the ordered Langmuir film floating at the subphase surface, 

built up from octadecyl ammonium chloride (ODAH
+
Cl

-
), CuCl2 and methyl ammonium 

chloride (MAH
+
Cl

-
), and its transfer to a hydrophobic substrate during one dipping cycle 

at stable surface pressure.[22]
 

1.2 Motivation 

Organic-inorganic hybrid materials can not only combine the advantageous properties of 

both the organic and inorganic components but also generate new desirable properties 

and functionalities.[23], [24] Over the past decades, various types of molecule-based 

functional organic-inorganic hybrid materials have been investigated and showed 
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promising applications in electronic devices.[3], [21], [25] However, in the synthesis of 

the thin hybrid films for device applications it is important to achieve a precise control 

over the film structure, over the spacing between different layers as well as over the 

thickness.[17] Various techniques have been developed to grow thin films such as 

chemical vapour deposition (CVD),[26] pulsed laser deposition (PLD)[27] and molecular 

beam epitaxy (MBE).[28] These techniques are widely used for fabricating high quality 

films and have their own advantages and limitations. 

The work presented in this thesis concerns the synthesis of new organic-inorganic hybrid 

materials; In particular we aimed at fabricating well-ordered hybrids through precise 

control over the size and growth directions with the help of the Langmuir-Blodgett (LB) 

and Langmuir-Schaefer (LS) methods. 

This dissertation is organized as follows: 

Chapter 2 introduces the experimental techniques employed in the research projects in 

this thesis. The Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) techniques used to 

deposit the hybrid films are firstly described in this chapter, followed by the analytical 

techniques applied to investigate the elemental composition, crystal structure and 

magnetic properties. 

Chapter 3 reports on the deposition of CoCl4/MnCl4-based hybrid films by using the 

Langmuir-Blodgett (LB) method. This chapter presents a systematic study of the 

stoichiometry and crystal structure of the hybrid LB films, as well as their magnetic 

properties. Additionally, we also compare structure and magnetic properties of the 

CoCl4/MnCl4-based hybrid LB films with those of two bulk hybrid crystals, 

CoCl4(C5H6CH2CH2NH3)2 and MnCl4(C5H6CH2CH2NH3)2. 
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Chapter 4 presents the insertion of cage-like polyhedral oligomeric silsesquioxanes as 

well as of metal ions (Cu
2+

, Fe
3+

) in between ararchidic acid (AA) layers in an approach 

based on the Langmuir-Schaefer (LS) technique. A detailed study of composition and 

structure of the AA-Cube-M (Cu
2+

, Fe
3+

) hybrid films is described. 

Chapter 5 relates the incorporation of Fe-decorated organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes into a clay template with the help of the 

Langmuir-Schaefer (LS) method. Dimethyldioctadecylammonium (DODA) is used as the 

surfactant in this project. The composition and structure are investigated. 

Chapter 6 revealed the phase transition of CuCl4-based organic-inorganic bulk hybrid by 

means of X-ray photoelectron spectroscopy (XPS). The elemental composition of the 

hybrid PEACuCl at room temperature TR（TR < TC） and high temperature T1( T1> TC ) 

are characterized. 

At the end of this thesis, we summarize our results and give an outlook on future research 

in the field of organic-inorganic materials. 
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Chapter 2 

 

Experimental details 

 

This chapter describes the key experimental methods used to collect the results presented in this 

dissertation. Firstly the Langmuir-Blodgett (LB) and Langmuir Schaefer (LS) techniques, which 

were used to prepare hybrid films are introduced and then we discuss characterization methods 

employed to study the structure and properties of hybrids. 
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2.1 The Langmuir-Blodgett /Langmuir-Schaefer methods 

Nearly exactly one century Irving Langmuir started to investigate the formation of monolayers at 

the air-water interface[1] and this layers have since then been referred to as Langmuir films. He 

studied the formation and stability of these monolayer films and was awarded Nobel Prize for this 

work in 1932. He also reported that the film at air-water interface could be transferred to a 

substrate. However, the systematic study[2], [3] of controlled transfer of a monolayer to a 

substrate is attributed to Katharine Blodgett. She conceived what is nowadays termed the 

Langmuir-Blodgett (LB) method, which consists in lowering the substrate vertically into the 

trough to transfer a monolayer. Later on, in 1938, Langmuir and Schaefer reported[4] a new 

approach where the substrate could be lowered horizontally onto the surface of the LB trough. 

That is what we call now the Langmuir-Schaefer (LS) method. 

The advantages of the LB/LS technique are (1) precise control of the film thickness; (2) 

homogeneous deposition on different kinds of substrates; (3) possibility to vary the film 

composition. Taking advantage of these excellent features, various types of functional materials 

can be fabricated by LB/LS for both fundamental research and application purposes.[5]–[19] An 

introduction to the basic principles of the LB/LS methods is described in the following sections. 

2.1.1 Monolayer formation at air-water interface 

In order to form a monolayer (Langmuir film), it is necessary to employ a surfactant that will stay 

on the surface of the subphase (usually ultrapure water). These surfactants comprise two 

fundamental parts, a ‘head’ and a ‘tail’ part. The head group is hydrophilic (water soluble) and 

usually a polar group such as –COOH, -OH, -NH2; the ‘tail’ groupis hydrophobic (water 

insoluble) and typically a long hydrocarbon chain. Such compounds combining both hydrophilic 

and hydrophobic regions in one molecule are called amphiphile.[6] When ampiphililc molecules 

are mixed with water, the hydrophobic regions will try to ‘escape’ as much as possible from 

water, due to hydrophobic effect, as described by Mouritsen et al.[20] This leads to various 

supramolecular structures formed by self-assembly,[20] as illustrated in figure 2.1. 
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Figure 2.1 Schematic illustration of the self-assembly of ampiphililc molecules in water: (a) a 

monolayer, (b) a bilayer, (c) a micelle, (d) a vesicle.[20]
 

To make these amphiphilic molecules float on the water surface as a stable monolayer, a suitable 

balance between hydrophobic effect (chain length) and hydrophilic character (polar group) is 

required. It is necessary that the force between molecule and subphase is stronger than 

intermolecular force. The amphiphilies used in the projects of this thesis were ararchidic acid, 

octadecylammonium chloride and dimethyldioctadecylammonium bromide, whose chemical 

structure is illustrated in figure 2.2.  

 

Figure 2.2 (a) Ararchidic Acid, (b) Octadecylammonium chloride and (c) Dimethyldioctadecyl 

ammonium bromide. 
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To spread the amphiphilic molecules onto a subphase surface, a volatile organic solvent 

(typically chloroform) was used to dissolve the amphiphilic molecules. The dilute solution was 

then injected onto the subphase surface. It is very important that the subphase is very clean and 

pure, so for our experiment, ultrapure and deionized Milli-Q water (with resistivity of greater 

than 18 MΩ-cm) was used. 

2.1.2 Surface pressure (Π) 

It is quite common that water is used as subphase to form a Langmuir film. In the following, the 

forces and interactions that act at the air-water interface will be described. In the bulk of the 

liquid, water molecules do not experience a net force because forces exercised by neighbouring 

molecules all canceled out, however, for water molecules at the surface, a net inward force exists 

because there is no force acting from the vacuum side,[21] as can be shown in figure 2.3. Hence, 

this inward net force makes the water molecules at the surface experience what we call the 

surface tension γ (measured in unit of N/m). For pure water, the surface tension γ is 72.8 N/m at 

20 
o
C. 

 

Figure 2.3 Illustration of origin surface tension for water. 

Various factors such as the temperature or the presence of contaminants can influence the surface 

tension but more interestingly to us, surfactant molecules at the water surface can influence the 

surface tension as well. Therefore, the important quantity to characterize a Langmuir film is the 

surface pressure (Π), which is the difference between the surface tension of the pure subphase (γ) 

and the surface tension of the same subphase covered with surfactants (γ0).  
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            (2.1) 

The surface pressure is measured with the help of a Wilhelmy plate made out of paper (shown in 

figure 2.4, taking from Wikipedia[22]). The plate is subject to three types of forces originating 

from buoyancy (FB, acting upwards), gravity and surface tension (FG and FS, acting downwards).  

 

 

Figure 2.4 A Wilhelmy Plate immersing in water.[22] 

The Wilhelmy Plate is characterized by its dimensions, defined by lp, wp, tp (shown in figure 2.4), 

and its density ρp; the plate is partially immersed in a liquid (density is ρl) to a depth h. and the 

liquid forms a contact angle θ with it. The net force (F) on the plate can be described by the 

equation (2.2)  

 (2.2) 

where g is the acceleration due to gravity. If F and F0 correspond to the net forces that act on the 

plate with and without monolayer on surface of the subphase, based on the equation above, the 

surface pressure can be written as  

      (2.3) 

0    –  

G S BF  F F F–   p p p p p p l l lgl w t 2 t w cos gl w h–       

 
0

0    
2

F F
–

t w
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Here in conclusion, the value of the surface pressure Π is proportional to the force difference 

acting on the Wilhelmy plate, which is directly coupled to a sensitive electrobalance. 

2.1.3 Isotherm characterization  

To understand the properties of the ensemble of the amphiphilic molecules at the air-water 

interface, it is useful to plot surface pressure as a function of the area per single molecule on 

subphase surface at constant temperature, or in other words, to record the surface pressure-area 

(Π-a) isotherm. First the surfactant in a dilute organic solvent is slowly injected on the surface of 

the LB trough, after solvent evaporation the amphiphilic molecules will spread and float all over 

the available area. The isotherm is obtained by compressing the surfactants at a constant speed 

while continuously monitoring the surface pressure. Typically, the isotherm of the Langmuir film 

will go through various stages during the compression with the help of the barriers; as shown in 

figure 2.5 three different phases can be distinguished which M. C. Petty et al.[23] described as 

2D analogues of gas, liquid, and solid state of matter. 

 

Figure 2.5 A schematic of typical surface pressure-area (Π-a) isotherm for amphiphilic 

molecules in a Langmuir film. 

In the beginning, when the barriers are wide open, the surfactant molecules are isolated from one 

another on the surface, with large distances in between them: this is the 2D gas phase. Upon 
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continuously compressing, the first turning point is reached, after which the molecules are in the 

2D liquid phase, where they start to interact and arrange with respect to each other but still form 

an overall loosely packed structure. By further compressing, a second turning point reached, from 

where onwards the pressure rises more steeply. In this third phase, referred to as a 2D solid phase, 

the molecules are densely packed together. The monolayer can be further compressed until the 

point designated as C in figure 2.5; further compression does not induce a pressure increase and 

sometimes even a pressure decrease. Point C is the so-called collapse point, beyond which the 

monolayer is destroyed and some of the amphiphilic molecules are forced out of monolayer, 

inducing bi- or tri- structures. If one wishes to transfer the Langmuir film to build up a Langmuir 

Blodgett film on a substrate, one usually choses a surface pressure which is well within the 2D 

solid phase and not too close to the collapse point. Hence it is important to study the isotherm 

behaviour of the Langmuir film before the deposition. 

2.1.4 Deposition process (transferring of Langmuir films) 

Once the Langmuir film on the surface of the subphase has become a two-dimensional solid, it 

can be transferred to another substrates (such as glass, silicon wafer, mica, mylar etc.) by either 

of two different methods; the first and most common one is the Langmuir-Blodgett method, 

illustrated in figure 2.6 (a). The second one implies horizontal lifting of Langmuir monolayers 

onto substrates as can be seen in figure 2.6 (b), and is called Langmuir-Schaefer (LS) deposition. 

The film on the substrate is then referred to as Langmuir-Blodgett (LB) or Langmuir-Schaefer 

(LS) film. Multiple dipping of the substrate allows for multilayer LB or LS films. 
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Figure 2.6 Schematics of (a) vertical dipping of the substrate to transfer a Langmuir film 

(Langmuir-Blodgett method) and (b) horizontal dipping of the substrate to transfer a Langmuir 

film (Langmuir-Schaefer method). 

The good quality of LB/LS films, depends on several factors such as the quality of the substrate 

surface, the transfer speed, and the waiting time of the substrate in air between the deposition 

cycles if more than one layer is transferred. A quality indicator is the transfer ratio (TR), which is 

the decrease in area occupied by the monolayer transferred to the substrate during one dip divided 

by the total substrate area that was dipped into the subphase. If the Langmuir film was transferred 

to uniformly cover the substrate, the value of TR will be 1; hence TR=1 characterizes ideal 

transfer. However, in practice, the transfer ratio is variable in the range of 0.8~1.2, due to 

different reasons such as heterogeneity of substrate, partial peeling off of monolayers during 

deposition, stability of monolayer and speed of substrate movement.  
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Figure 2.7 Illustration of Y-, X-, Z- type structures of multilayer LB films. 

An LB film can form different structures depending on the deposition process. For example, if a 

hydrophobic substrate is used to deposit LB films, when immersing it into subphase, the nonpolar 

hydrophobic region (tail group) will attach on the substrate surface during the downstroke, while 

the polar hydrophilic part (head group) will point away from the substrate. During the upstroke, 

the head groups in the Langmuir film will interact with the head groups terminating the first 

transferred layer on the substrate and through repeated dipping cycles, LB films with a structure 

termed Y-type will form, as depicted in figure 2.7. The Y-type[24]–[26] arrangements 

(head-to-head, tail-to-tail) gives the most stable LB films. However, in some rare cases, 

depending on the polarity of the surfactants, transfer may only occur upon either downstroke or 

upstoke, and LB films of X-type[27] or Z-type[28], [29] can be formed as shown in figure 2.7. 

2.1.5 Preparation of the substrates 

Various types of substrates were used to deposit the LB or LS films in this thesis. Glass 

substrates (Knittel glass, 1.0 mm thick) were employed for X-ray diffraction (XRD) and magnetic 

measurements of multilayer samples. Silicon wafers (Prime Wafer) served as substrates for the 

X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) characterization. Both the 

substrates above were made hydrophobic by modifying the surface with octadecyltrichlorosilane 

(Sigma Aldrich) prior to the LB film deposition.[29]
 
150 nm thick Au/glass and Au/mica 

substrates were prepared by vapour deposition of gold (99.999%, Schöne Edelmetaal B.V.); for 

Au on mica, the freshly cleaved mica was preheated at 375 
o
C for several hours in the evaporator 
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(base pressure 10
-7

 mbar) prior to gold deposition. The gold surface were modified[30] with 

1-Dodecanethiol (Sigma-Aldrich) to be hydrophobic before an LB/LS film was deposited.  

2.2 Characterization methods 

In this section, we shortly describe the experimental techniques applied to study the 

Langmuir-Blodgett (LB) / Langmuir-Schafer (LS) films in this dissertation. X-ray photoelectron 

spectroscopy (XPS) served to investigate the elemental composition of the multilayer LB/LS 

films; X-ray diffraction (XRD) was used to study the structure of the LB/LS films. A magnetic 

property measurement system (MPMS) was employed to study the magnetic property of the 

films.  

2.2.1 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analysis (ESCA), is mostly common used to investigate the chemical nature of surfaces.[31]–[42] 

Historically, XPS was first developed by Kai Siegbahn[43], [44] and coworkers, and he was 

awarded the 1981 Nobel Prize in Physics for this contribution.  

In principle, the photoemission process involves three steps: (1) photoelectrons are generated 

through the interaction of the X-ray with atomic core level electrons; (2) the photoelectrons move 

through the sample to the surface, and some are inelastically scattered along the way; (3) 

electrons that reach the surface are emitted in the vacuum and then into the analyzer. The 

photoelectrons which have not suffered any inelastic scattering will appear as narrow lines in the 

spectrum, while those who have lost energy will be part of the background. The X-ray energy hν 

is absorbed by core level electrons with binding energy EB, resulting in emitted photoelectrons 

with kinetic energy EK, which is measured by the electron energy analyzer shown in figure 2.8 (a). 

Based on the photoelectric effect demonstrated by Einstein in 1905,[45] the electron binding 

energy (EB) can be calculated by hν – EK –ΦA, where ΦA is the work function of the analyzer, 

that is, 

  B K AE h E                 (2.4) 

The binding energy EB is characteristic of the element, from which the photoelectron was emitted 

and depends on the chemical environment, oxidation state, spin state of the atom. When 
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photoelectrons are emitted, the sample remains positively charged and if its conductivity is not 

good enough, this charge cannot be neutralized by connecting it to ground and the next 

photoelectrons which are emitted will be attracted by this positive charge as they fly towards the 

analyzer and therefore have a lower kinetic energy (higher binding energy) than expected. To 

avoid this, ‘flood gun’ providing low energy electrons is employed to compensate the positive 

charge.  

 

Figure 2.8 Illustration of the photoemission process. (a) Irradiation of the LB/LS film surface 

with monochromatic X-rays results in a flux of electrons whose the kinetic energy is measured by 

the analyzer; (b) schematics of the photoemission from 2p core level of a transition metal atom.  

An XPS spectrum gives the intensity of photoelectrons as a function of binding energy EB and 

can be analyzed qualitatively based on binding energy of specific elements as well as 

quantitatively determining the stoichiometry of the surface from the intensity of the 

photoemmission signals.[38] The only two elements which cannot be detected are H and He 

because their photoionization cross section is too small. 

For the projects of this thesis, XPS measurements were performed with a Surface Science 

SSX-100 ESCA instrument equipped with a monochromatic Al Kα X-ray source (hν=1486.6 eV) 

at pressures below 5 × 10
-9

 mbar. The electron take-off angle with respect to the surface normal 

was 37°. The spot size was 1000 μm. At least three different spots were measured on each sample 

to check for reproducibility. XPS spectra were analyzed using the least-squares curve-fitting 

programme Winspec developed at the LISE laboratory, University of Namur, Belgium. The 

energy resolution was set to 1.26 eV. Binding energy are reported to a precision of ±0.1 eV, and 
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referred to the C 1s (BE=285.6 eV) photoemission peak.[46] All XPS measurements were carried 

out on freshly prepared samples. 

2.2.2 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a well-established technique for structural investigations.[47]–[60] 

Since the wavelength of an X-ray is similar to the spacing of the atomic planes in crystals, the 

X-rays can be diffracted by a crystal. X-ray diffraction was first realized by Max von Laue,[61] 

who was awarded the 1914 Nobel Prize for this discovery. Afterwards, William Lawrence Bragg 

and his father William Henry Bragg developed the theory for analyzing the crystal structure by 

means of X-rays, known as the Bragg law. They were awarded the 1915 Nobel prize for this 

contribution.[62]  

Thin film X-ray diffraction (XRD) was used to study the structure (including quality, thickness, 

orientation) of multilayer LB/LS films in the projects described in this thesis. As is shown from 

figure 2.9 (a), the XRD measurement system consists of an X-ray tube (source of X-ray), a 

diffractometer (included a sample holder), and a detector. It is important to mention here that the 

diffractometer allows to accurately control the orientation of the sample holder with respect to the 

incident beam and the detector. The X-rays are focused on the sample at an incident angle θ, 

while the detector reads the intensity of the X-ray it receives at ω (ω=2θ, in the most common 

configuration, so called specular geometry) away from the source path. As we know, X-rays are 

electromagnetic radiation, which has the same nature as light but with much shorter wavelength. 

Generally, the wavelength of X-ray used in diffraction is in the range 0.5 – 2.5 Å.[60]  In order 

for an X-ray to be diffracted, the spacing between atoms in the crystal must be of the same order 

of magnitude as the wavelength of X-ray. Also, a highly ordered regular structure is necessary for 

diffraction to occur, amorphous materials will not give rise to a diffraction pattern. When X-rays 

impinge on a crystal, interference between reflected X-rays from successive planes will occur. If 

beams reflected by two different layers are in phase, constructive interference occurs and the 

diffraction pattern shows a peak. The condition for that to happen has been described by Bragg’s 

law[63], 

      (2.5) n 2d sin 

https://en.wikipedia.org/wiki/William_Lawrence_Bragg
https://en.wikipedia.org/wiki/William_Henry_Bragg
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where θ is the angle of incidence of the X-ray, n is an integer, λ is the wavelength, and d is the 

spacing between atom layers.  

So by using X-rays of known wavelength λ and measuring θ of incidence angle, the space d of 

various planes can be determined.  

 

 

 

Figure 2.9 A schematic illustration of (a) the X-ray diffraction setup, (b) the representation of 

interference between two X-rays according to Braggs Law reflected from successful planes of 

LB/LS films. 

In the thin film XRD pattern at low angle (2θ below 10
o
), two types of peaks can be observed, the 

first one are the Bragg peaks due to diffraction from the planes in the film, the other one are 
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Kiessig fringes at very low angle caused by the reflection that occurs at the interface between the 

film and the substrate. As mentioned above, the 2θ position of Bragg peak can be used to 

determine the distance d between planes of multilayers and therefore gives the size of the repeat 

unit perpendicular to the surface. The 2θ position of the Kiessig fringes can instead give 

information on the total thickness of the thin film based on the modified Bragg law.[64]  

As illustrated in figure 2.10, the path difference L is given by  

            (2.6) 

where λ is the X-ray wavelength, t the thickness of the film, θ2 the refraction angle of X-rays.  

Indicating with θ1 the incident angle of the X-rays, with n2 the index of refraction of the sample 

and with, δ2 the dispersion, so that n2  = 1 - δ2, using Snell’s law of refraction, we can write 

     (2.7) 

                     (2.8) 

       (2.9) 

        

When θ is very small, sinθ ≈ θ, based on equation (2.6), the L can be given as below equation, 

           (2.10) 

and then                         (2.11) 

So by plotting n
2 

as a function of θ1
2
 of the fringes, the thickness (t) of film can be determined. 
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Figure 2.10 Schematic showing X-ray refractions and reflections at the layer interfaces. (t is total 

thickness) 

For the projects described in this dissertation, X-ray reflectivity data were collected with a Philips 

PAanalytical X’Pert MRD diffractometer at ambient conditions. It is equipped with a Cu Kα 

(λ=1.5418 Å) radiation source (40 keV, 40 meV); a 0.25º divergent slit and a 0.125º 

antiscattering slit were employed for these experiments. The θ scans was taken from 0.6º to 15º 

with a 0.02º step and a counting time of 15 s per step.  

2.2.3 Magnetic property measurement system (MPMS) 

In order to investigate the magnetic properties of organic-inorganic hybrid LB films, we 

employed a magnetic property measurement system (MPMS) to measure the multilayer films. In 

principle, the MPMS system comprises five parts[65]: (1) a temperature control system; (2) a 

magnet control system; (3) a superconducting SQUID amplifier system; (4) a sample handling 

system; (5) a computer operating system. 

Among the five systems, the Superconducting Quantum Interference Device (SQUID) is the heart 

of the MPMS system, which is the most sensitive device for measuring magnetic fields. However, 

it does not directly measure the magnetic field from the sample. As is shown in figure 2.11, the 

sample moves through superconducting pick up coil with 4 wings, which are connected to the 

SQUID with superconducting wires located away from the sample in the liquid helium bath. 

During the measurement, as the sample moves through the detection coil, any change of magnetic 

flux from the sample will induce electric current in the detection coil. The current, which is 

proportional to the change of magnetic flux is inductively coupled to the SQUID sensor. Since 

the SQUID is basically a quite sensitive current to voltage convertor, the variations of current 
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from the detection coil produces in the SQUID an output corresponding to voltage variations, 

which are strictly proportional to the magnetic moment of the sample. Hence, when the system is 

fully calibrated, the magnetic moment of sample can be determined accurately by measuring the 

voltage variations from the SQUID.  

 

 

Figure 2.11 Configuration of superconducting pick up coil with 4 wings for detection, the coil is 

located outside of the sample space.  

 

For the magnetic characterization of organic-inorganic hybrid LB films in this thesis, a Quantum 

Design MPMS-XL7 SQUID magnetometer was employed. It can be operated between 2-350 K, 

and the range of the applied field is ~7 T. The SQUID magnetometer is sensitive enough to 

measure magnetic moments as low as 10
-7

 emu. 
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Chapter 3 

Generating new magnetic properties  

in organic-inorganic hybrids 

Organic-inorganic hybrids are a rapidly developing class of multifunctional materials, 

which can present properties different from those of either of their building blocks. 

Control over the structure during the assembly process is crucial to achieve the desired 

functions. Here we presented the layer-by-layer deposition in ambient conditions of 

CoCl4-octahedra or MnCl4-octahedra and organic layers to tailor their magnetic 

properties. The Langmuir-Blodgett technique used to assemble these structures provides 

intrinsic control over the film structure down to the molecular level. Magnetic 

characterization reveals that MnCl4-based hybrid Langmuir-Blodgett films order 

antiferromagnetically like the bulk hybrid, while CoCl4-based hybrid Langmuir-Blodgett 

films show ferromagnetic coupling in contrast to the bulk hybrid, which is a paramagnet.  
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3.1 Introduction 

Organic-inorganic hybrid materials have attracted significant attention due to their 

versatility for combining desirable properties of individual components into one single 

composite,[1]–[6], [7] but also because new properties that are absent in either of their 

building blocks can be generated[2] For organic-inorganic hybrids suitable for electric 

and magnetic devices[8], [9] an extra challenge is that thin films are the most desirable 

form of a material used in devices. Langmuir Blodgett (LB) deposition is a versatile 

method for thin film growth because it proceeds at room temperature and can be applied 

to flexible substrates; moreover it offers the possibility to exploit self-assembly and, most 

importantly, it provides excellent control down to molecular level through simply 

changing external parameters during deposition.[10], [11] This is why we have chosen 

this fabrication method for the work presented here, which derived inspiration from the 

report on paramagnetism in CoCl4(C5H6CH2CH2NH3)2 and MnCl4(C5H6CH2CH2NH3)2 

hybrid crystals.[12] These crystals have a layered structure with polar interfaces where 

the interaction between the CoCl4
2-

 (or MnCl4
2-

) and NH3
+
 group has a crucial effect on 

the properties of the ensemble. One of the goals addressed here is to produce CoCl4
2-

 and 

MnCl4
2-

 based hybrids in the form of thin films with adjustable composition and 

thickness by using the Langmuir Blodgett (LB) method, which takes advantage of the 

soluble nature of precursors (CoCl2, MnCl2, CuCl2). The CuCl2-based hybrid LB films 

have been successfully fabricated and showed ferromagnetism.[5] Similarly in the hybrid 

LB films reported here, organic and inorganic parts are connected via hydrogen bonds 

between the NH3 group and the chlorine ions from CoCl4
2-

 or MnCl4
2-

.  

Differently from the bulk synthesis for CoCl4- and MnCl4-based bulk hybrids, the LB 

technique allows not only for the modification of the interlayer spacing in the film by 

using different organic spacers, it permits to tune the spacing within the layer by 

changing the target pressure during the deposition. In the case of CoCl4-based bulk 

hybrid, the spacing between the coordinated Co-ions is not close enough to induce 
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magnetic interaction.[12] Since a Co
2+

 ion has a d
7
 configuration, it can be stable both 

with octahedral as well as with tetrahedral coordination[12] and the energy difference 

between these two coordinations is small. Hence we expect, by using Langmuir-Blodgett 

technique, to be able to overcome the small energy difference by applying a high target 

pressure during deposition. The goal of this work is therefore to verify whether it is 

possible to form corner shared CoCl4 and MnCl4 octahedra, thus generating new magnetic 

properties in the hybrid LB films. 

3.2 Experimental section  

Preparation of CoCl4- and MnCl4-based hybrid LB films: Octadecyl amine (>99 %) was 

purchased from Alfa Aesar, Cobalt chloride (CoCl2; 99.999 %), Manganese chloride 

(MnCl2; 99.999 %), methyl ammonium chloride (MA), and other chemical reagents of 

analytical grade were purchased from Sigma Aldrich and used as received. To prepare 

octadecyl ammonium chloride (ODAH
+
Cl

-
), we used the same method as reported in ref 

[5]. The subphase in the LB deposition experiments was an aqueous solution of 

CoCl2/MnCl2 (1.0×10
-3

mol/L) and MA (1.0×10
-3

mol/L). Surface pressure-molecular area 

(Π-a) isotherm measurements and deposition experiments were performed using a NIMA 

Technology thermostated LB trough. The temperature was kept at 25 
o
C during these 

experiments. Langmuir films were obtained by spreading a chloroform-methanol (9:1) 

solution of ODAH
+
Cl

-
(0.25 mg/ml) onto the subphase. After a 1 h waiting time to allow 

for solvent evaporation, the molecules were compressed at a rate of 20 cm
2
min

-1
 by a 

movable barrier until a desired surface pressure was reached and this pressure was kept 

constant throughout the whole deposition process. The compressed Langmuir film was 

allowed to stabilize for 30 minutes before deposition. LB films were deposited by vertical 

dipping of hydrophobic substrates (see below) into the subphase at a dipping speed of 5 

mm/min.  
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Figure 3.1 Schematics of the deposition process, including the forming of the first two 

layers. 

X-Ray Photoelectron Spectroscopy (XPS): 150 nm thick films of gold (purity 99.99%, 

Schöne Edelmetaal B.V.), grown on glass microscope slides (Knittel glass) served as 

substrates for the XPS measurements of the CoCl4-based hybrid LB film. Silicon wafers 

(Prime Wafer) served as substrates for XPS measurements of the MnCl4-based hybrid LB 

film. Both the substrates above were made hydrophobic by modifying surface with 

octadecyltrichlorosilane prior to the LB film deposition.[13] 

X-ray Diffraction (XRD): Diffraction measurements were performed on 18-layer-thick 

CoCl4-based and 20-layer-thick MnCl4-based hybrid LB films, which were deposited on 

glass microscope slides (Knittel glass) made hydrophobic as described above for Au and 

silicon wafers.  

Magnetic Characterization of the CoCl4/MnCl4-based Hybrid LB Films: The magnetic 

properties were measured using a Quantum Design XL SQUID Magnetometer. The 

samples, a 1724-layer-thick CoCl4-based and a 1884-layer-thick MnCl4-based hybrid LB 
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film on glass substrates (Knittel Glass, 0.1 mm thick) made hydrophobic as described 

above, were mounted in a gelatin capsule, which was fixed in a plastic straw. 

3.3 Mechanism of CoCl4/MnCl4-based hybrid LB film 

deposition 

The proposed structure of the CoCl4/MnCl4-based hybrid LB film is sketched in figure 

3.2; the CoCl4
2-

 or MnCl4
2-

 layer is composed of 6 octahedral Cl
-
 encaging the central 

Co
2+

 or Mn
2+

 ions, four of which share neighbouring Cl
-
 in plane, one from the 

amphiphilic ODAH
+
Cl

-
 and another one from the MA in the subphase. Such a 

corner-shared octahedral structure has been reported for CuCl4-based hybrid LB film,[5] 

for which the self-assembly mechanism is almost the same as for the CoCl4/MnCl4-based 

hybrid LB films we report on here. 

 

Figure 3.2 The proposed model of CoCl4/MnCl4-based hybrid LB film 

In contrast to this film structure, the CoCl4(C5H6CH2CH2NH3)2 bulk hybrid (sketched in 

figure 3.3 (a) ) consists of free-standing tetrahedral CoCl4
2-

 in an organic 

C5H6CH2CH2NH3 matrix held together by the hydrogen-bond network.[12] 

MnCl4(C5H6CH2CH2NH3)2 bulk hybrids (sketched in figure 3.3(b) ) have a symmetric 
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coordination of C5H6CH2CH2NH3 ligands on both sides of the octahedral corner-shared 

MnCl4
2-

 sheets.[12] 

 

Figure 3.3 Crystal structures of the bulk hybrids; (a) the cobalt-based organic-inorganic 

hybrid consists of free standing CoCl4 in organic matrix held together by a hydrogen 

bond network; (b) the manganese-based bulk hybrid comprises 2-dimensional inorganic 

MnCl4 sheets of corner-sharing octahedra interleaved by organic layers.[12] 

3.4 Results and discussion 

3.4.1 Assembly of CoCl4 and MnCl4-based hybrid Langmuir films and 

transfer to the substrate 

To optimize the quality of the films deposited by the Langmuir-Blodgett technique，we 

studied the properties of the hybrid Langmuir film assembled at the air-water interface. 

Figure 3.4 displays the surface pressure-area per molecular (Π-a) isotherms of ODAH
+
Cl

-
 

on CoCl2-MA (a) and the MnCl2-MA (b) subphases. Both of the Π-a isotherms show 

typical and clear phase transitions during the compression process. In order to get densely 

packed monolayers, we chose target pressures of 38 mN/m and 47 mN/m for the CoCl2 

and MnCl2 hybrids respectively; these target pressures are far away from the pressure 
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where the 2D solid layers collapse (52 mN/m for the CoCl2 hybrids and 56 mN/m for the 

MnCl2 hybrids). 

    

 

Figure 3.4 Upper panel: ᴨ-a isotherms of ODAH
+
Cl

-
 on an aqueous CoCl2-MA (a) / 

MnCl2-MA (b) subphase. Lower panel: Deposition of CoCl4-based hybrid LB film (c) 

and MnCl4-based hybrid LB film (d). 

Proof for successful transfer of the Langmuir film comes from the transfer characteristics 

plotted in figure 3.4 (c) & (d). The blue line in the lower panel of figure 3.4 shows the 

displacement of the substrate as a function of time, which corresponds to dipping into the 

subphase; the black curve represents the trough area covered by the ODAH
+
-CoCl4 or 

ODAH
+
-MnCl4, recorded as a function of deposition time. When the substrate moves into 

the subphase during each dip, the trough area reduces due to the transfer of part of the 

Langmuir film from the subphase surface to the substrate. The transfer ratio is 1 if the 

decrease in area is equal to the substrate surface area. In the present case, the transfer 
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ratio was unity for the downward stroke and 0.97±0.04 for the upward stroke for both 

films, suggesting Y-type deposition.[14] 

3.4.2 Composition of CoCl4/MnCl4-based inorganic sheets 

To verify the composition of the films, X-ray photoelectron spectroscopy (XPS) data 

were collected from 17-layer-thick CoCl4/MnCl4-based hybrid LB films as well as 

CoCl4(C6H5CH2CH2NH3)2 and MnCl4(C6H5CH2 CH2NH3)2 bulk hybrids; all four samples 

are layered materials in which the charged MCl4
2-

 (M=Co or Mn) are bonded with an 

amine group at the organic-inorganic interface.  

  

  

Figure 3.5 X-ray photoemission spectra of the Co 2p3/2 and Cl 2p core level regions of a 

CoCl4-based bulk hybrid (top panels) in powder form and of a 17-layer-thick hybrid LB 

film (bottom panels); fits to the experimental lines are also shown. 
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The photoemission spectra of the Co 2p3/2 core level regions of the bulk compound and 

the hybrid film are shown in figure 3.5 (a) and (b), respectively, while the corresponding 

Mn 2p3/2 core level regions are plotted in figure 3.6 (a) and (b). All four spectra show a 

shake-up satellite at the high bonding energy side of the main peak, which is a signature 

of Co/Mn being in the +2 oxidation state.[15], [16] 

The Co 2p3/2 spectrum for the bulk hybrid can be fitted with a single component peaked 

at a binding energy of 781.9 eV which corresponds to Co–Cl bonds within the 

tetrahedral;[17] the shake-up satellite was fitted with three peaks at binding energy of 

783.8 eV, 787.2 eV and 789.7 eV. The BEs of Co 2p3/2 line for the LB film (782.5 eV) 

and of the shake-up satellite peaks (784.9 eV, 787.4 eV, and 791.0 eV) are higher than 

that of bulk hybrid. Since it has been reported that the binding energy of core level 

electrons for Co
2+

 in octahedral coordination is larger than for those in tetrahedral 

coordination,[18] this is an indication that in the hybrid LB films, the Co–Cl bonds are 

part of the octahedral corner-shared CoCl4-based inorganic sheets. 

A detailed scan of the Cl 2p core level region for the CoCl4(C6H5CH2CH2NH3)2 bulk 

hybrid and the CoCl4-based hybrid LB films are shown in figure 3.5 (c) and (d), 

respectively. The spectrum of the bulk hybrid is peaked at a binding energy of 199.6 eV, 

which identifies it as due to Cl-Co bonds in tetrahedra in agreement with the X-ray 

diffraction measurements by A. H. Arkenbout;[12] the lower BE for the hybrid LB films 

(198.9 eV), points to Cl-Co bonds in octahedra. 
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Figure 3.6 X-ray photoemission spectra of the Cl 2p, Mn 2p3/2 core level regions of a 17- 

layer-thick hybrid LB film (right panels) and a MnCl4-based bulk hybrid (left panels) in 

powder form and fits to the experimental lines. 

The spectrum of the Mn 2p3/2 line for the bulk hybrid (figure 3.6 (a)) can be fitted with 

one single main peak at BE=642.1 eV, which can be assigned to Mn–Cl bonds within the 

octahedra; the shake-up satellite peak at BE=647.6 eV confirms the +2 state of 

Manganese. The Mn 2p3/2 line for MnCl4-based hybrid LB films can be fitted with a main 

peak and a satellite at the same binding energies, indicating that we have Mn
2+

 in 

octahedral coordination with Cl
- 
also in this case. However, the Mn 2p3/2 spectra of both 

the MnCl4-based hybrid LB films and the bulk hybrid require in the fit an additional 

component at BE=643.5 eV; the latter originates from oxidized manganese,[19] the 

presence of which is supported by a much stronger oxygen peak in the survey spectrum 

shown in figure 3.7 as compared to the CoCl4-based hybrid film.  



Chapter 3     Generating new magnetic properties in organic-inorganic hybrids 
 

 
- 43 - 

 

The scan of the Cl 2p core level region for both the bulk hybrid of 

MnCl4(C6H5CH2CH2NH3)2 and the MnCl4-based hybrid LB film are shown in figure 3.6 

(c) and (d); the spectra are both peaked at BE=198.6 eV, corresponding to Cl-Mn bonds 

in the octahedral.[12] 

 

Figure 3.7 X-ray photoemission survey spectra (XPS) of CoCl4- and MnCl4-based hybrid 

LB films.  

Additionally, in order to further confirm the octahedral coordination of Co
2+

 in the 

CoCl4-based hybrid film, the UV/visible spectroscopic study was carried out (shown in 

figure 3.8). Due to the energy separation between eg and t2g orbitals in the octahedral field 

is larger than that in the tetrahedral case, the absorption band of CoCl4-based hybrid LB 

films is at the wavelength of 476 nm, which can be identified as the electronic spectrum 

of Co
2+

 in an octahedral environment.[20] While the absorption bands of Co
2+

 in 

tetrahedral symmetry are at wavelength of 524 nm, 610 nm and 660 nm.[21] 
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Figure 3.8 UV/visible spectra of CoCl4-based hybrid LB films. 

3.4.3 Structure of the CoCl4/MnCl4-based hybrid film 

To gain insight into the structure of the films and to prove the high quality of the 

layer-by-layer deposition, X-ray diffraction studies were carried out. figure 3.9 shows the 

specular X-ray reflectivity of an 18-layer-thick of CoCl4-based and a 20-layer-thick 

MnCl4-based hybrid LB film, deposited at Π = 38 mN/m and 47 mN/m, respectively. 

Diffraction peaks as well as Kiessig fringes are observed for both films and provide 

evidence for a well-ordered layered structure; the Kiessig fringes in particular indicate 

that the LB films remain relatively smooth during multilayer deposition.  

The length of the smallest periodic unit perpendicular to the film surface, d, calculated 

from the positions of the diffraction peaks for CoCl2/MnCl2-based hybrid LB films by 

using the Bragg formula was found to be 52.1±0.5 Å / 52.5±0.5 Å. It should be noted that 

based on geometrical considerations, the expected d value is ≈ 59 Å, which is larger than 

the observed experimental value. Since the long ODAH
+
Cl

−
 molecules have a tendency 

to adopt a tilted conformation, the lower d value observed most likely arises from the 

tilting of these molecules with respect to the film plane. The tilt angle of 
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CoCl2/MnCl2-based hybrid LB films would then be ≈28
o
/≈27

o
 as sketched on the left 

hand side in figure 3.9 (c) and (d). 

 

   

Figure 3.9 X-ray specular reflectivity patterns of multilayer hybrid films of (a) 

CoCl4-based hybrid LB film (with the schematic ordered structure (c)) and (b) 

MnCl4-based hybrid LB film (with the schematic ordered structure (d)).  

Kiessig fringes result from the interference of X-rays reflected from the surface of the 

film and from the film/substrate interface as a consequence of the angle-dependent phase 

shift. Their period is determined by the thickness of the film.[22] A layered material with 

n repeat units shows n-2 Kiessig fringes between two diffraction peaks in the X-ray 

reflectivity spectrum.[23] 
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Figure 3.10 n
2
 versus θ

2 
for  (a) CoCl4-based hybrid LB film and (b) MnCl4-based 

hybrid LB film. n is the order of  appearance of the fringes (1st, 2nd, 3rd, etc) and θ is 

the angle position where the fringes maxima appear.  

Since it is often difficult to determine the order of the first visible fringe, in figures 3.10 

different plots have been generated assuming different n for the first visible fringe. It can 

be seen that the most linear plot resulted from  n1= 3. Based on the modified Bragg 

Law[22], [24] mentioned in chapter 2, then the total thickness of 446.9 ±1.0 Å and 499 

±1.0 Å can be extracted for CoCl4-based and MnCl4-based hybrid LB films respectively. 

The total thickness extracted from the Kiessig-Fringes is about 5% smaller than that from 

d-spacing results. 

3.4.4 Magnetism 

Magnetism in organic–inorganic hybrids arises from the transition metal ions in the 

inorganic sheets. Magnetization measurements were performed on a 1724-layer-thick 

CoCl4-based and a 1884-layer-thick MnCl4-based hybrid LB film. The large film 

thickness was necessary in order to obtain a measurable magnetic moment.  
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Figure 3.11 Magnetization versus field at 3 K for (a) 1724-layer-thick CoCl4-based 

hybrid LB film; (b) 1884-layer-thick MnCl4-based hybrid LB film measured both in 

plane (IP) and out of plane (OP). 

 

The magnetization loop measured at 3 K with the field applied both in and out of the 

plane of the CoCl4-based hybrid LB film shows magnetic order resulting in the 

ferromagnetic-like hysteresis loop (figure 3.11 (a)) differently from the 

CoCl4(C6H5CH2CH2 NH3)2 bulk hybrid, which shows no magnetic order down to 2 K.[12] 

The coercive field of both the in and out of plane configuration is 200 Oe at 3 K. These 

results indicate that the high surface pressure applied during deposition was sufficient to 
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induce the Co-ions to pack closely enough to induce magnetic exchange interaction. 

Comparing to bulk hybrid CoCl4(C6H5CH2CH2NH3)2, the situation is different in the 

CoCl4-based hybrid LB film, where, because of the octahedral coordination, the Co
2+

 

( S=3/2 ) are Jahn-Teller active and involved in coherent orbital ordering, which causes 

magnetic coupling in the plane of the inorganic sheets.[25], [26]  

 

Figure 3.12 The inverse magnetization (zero-field-cooling (ZFC)) versus temperature 

measured at 0.2 T for the CoCl4-based hybrid LB film (a) and at 0.05 T for the 

MnCl4-based hybrid LB film (b).  

Considering the observation that the M-H loop shows the same S-shape without 

saturating at higher magnetic field it is equally possible this ferromagnetic moment is 
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caused by the canting of antiferromagnetically coupled moments. This hypothesis is 

supported by the negative Weiss temperature, calculated from the M-T data.  

The magnetization loop measured at 3 K with the field applied both in and out of the 

plane for the MnCl4-based hybrid LB film shows a small hysteresis (figure 3.11 (b)) with 

a coercive field of around 120 Oe in the in-plane configuration and 30 Oe in the 

out-of-plane configuration. The Weiss temperature calculated from M-T data is also 

negative, indicating antiferromagnetic exchange interaction, which is the same as in the 

bulk hybrid MnCl4(C6H5CH2CH2NH3)2. The hysteresis of both the hybrid LB film and 

bulk hybrid are the result of ferromagnetic component in the long range ordered states, as 

a result of the canting of the antiferromagnetically ordered spins.[12] 

3.5 Conclusion 

We synthesized a new type of CoCl4-based hybrid LB film with an octahedrally 

coordinated inorganic layered structure showing magnetic order, which is different from 

tetrahedrally coordinated one in the CoCl4-based bulk hybrid. The new structure of the 

hybrid LB film goes hand-in-hand with the generation of new magnetic properties, 

namely antiferromagnetic exchange resulted ferromagnetic ordering. Most importantly, 

the ferromagnetic order parameter, the remanent magnetisation can be switched by 

changing the number of layers. This means that for certain practical application, it can 

still be used as a ferromagnet. A MnCl4-based hybrid LB film was also successfully 

synthesized but in this case the structure and magnetic properties were similar to those of 

the corresponding bulk hybrid. These results indicate that the assembly by the LB 

technique allows to tailor the layer-by-layer structure easily and to induce new magnetic 

properties, which make these LB films promising candidates for applications in 

electronics. 
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Chapter 4   

Highly ordered films of metal-decorated (Cu, Fe) organic-

inorganic cage-like polyhedral oligomeric silsesquioxanes 

 

The building of metals into organized structures is a promising route to chemical, magnetic and 

electronic devices with interesting properties. Here we introduce a layer-by-layer protocol to 

grow metal-decorated organic-inorganic cage-like polyhedral oligomeric silsesquioxanes. Our 

key strategy is to use metal ions (Cu
2+

 or Fe
3+

) as linker for the ammonium-functionalized cage-

like polyhedral oligomeric silsesquioxanes (POSSs), which were self-assembled in between 

ararchidic acid (AA) to form highly ordered hybrid structures by using the Langmuir–Schaefer 

(LS) method. In our model for the hybrid layers, the building block consists of two interdigited 

AA layers and one POSS layer held in position by metal ions (Cu
2+

, Fe
3+

).  

 

 

 

 

 

 

 

 

 

 

 



Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 54 - 

 

4.1 Introduction 

Methods to construct well-ordered thin films are of crucial importance in many fields such as 

electronics, catalysis, and nanocomposites.[1]–[13] Moreover, the insertion of a material with 

interesting physical and chemical properties into a suitable ordered host system is a major 

challenge in current materials science and technology. Our focus for the research discussed in this 

chapter was to assemble metal-decorated (Cu, Fe) polyhedral oligomeric silsesquioxanes (POSS) 

in between amphiphilic arachidic acid (AA) to form highly ordered hybrid films. We achieved 

this by combining the Langmuir-Schaefer (LS) deposition method with self-assembly from 

solution. 

POSS are 3-dimentional cage-like highly symmetric frameworks of different shapes and in this 

work we employed the one with cubic structure, usually called the T8 cube, with formula 

(RSiO1.5)8, where R is an organic group covalently attached to the cubical framework. POSS have 

attracted considerable interests over the past few decades due to their versatility for innovative 

research and diverse applications in aerospace[14], microelectronics[15], protective coatings[16], 

dentistry[17], [18], and catalysis[19]. In particular, the functional group R enables the 

incorporation of desired metal ions,[20]–[22], important for catalytic applications such as gas 

separation, hydrogen catalysis, and catalyst supports.[23]–[25]. POSS can be used as inorganic 

component for hybrid materials. For example, J. Choi et al.[26] fabricated bulk organic-inorganic 

hybrids by introducing the cubic silica core as inorganic linker between organic tethers. However, 

the studies focusing on organic-inorganic thin films based on the T8 cube is not very numerous.  

Langmuir-Blodgett (LB)/Langmuir–Schaefer (LS) deposition methods[27] are among the most 

popular techniques to prepare ultrathin molecular films since they provide advantages such as 

precise control of the film thickness, homogeneous deposition on different types of solid 

substrates and the possibility to vary the films composition. In recent years it has been reported 

that POSS derivatives can be self-assembled as monolayers at the air/water interface, and the 

corresponding Langmuir-Blodgett (LB) as well as Langmuir–Schaefer (LS) films have been 

prepared and characterized.[28]  

In the work presented here, the amine group functioned POSS was used to incorporate metal ions 

(Cu
2+

 or Fe
3+

) in a hybrid film, namely by connecting these positively charged metal decorated 

building blocks with negatively charged arachidic acid molecules. We aimed at investigating the 
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final structure of multilayer hybrid thin films as well as at demonstrating that using different 

metal ions (Cu
2+

 or Fe
3+

) can lead to different architecture due to the metal coordination of the 

ions.[29]–[31]  

4.2 Preparation method 

4.2.1 Preparation of metal (Cu
2+

, Fe
3+

) -decorated POSS solution 

The organosilane used in this study was 3-(2-aminoethylamino)-propyltrimethoxysilane 

(AEAPTMOS) purchased from Sigma-Aldrich and used as received. FeCl2.4H2O (99%) was 

purchased from Merck and used as received. CuCl2 (99%) was purchased from Acros and used as 

received. The formation of the octameric oligosiloxane from the hydrolytic polycondensation of 

the monomer occurs after dilution of AEAPTMOS in ethanol/water (14/1 in volume) to give a 

solution of 0.45 M.[32]–[36] 30mL of 0.1 M FeCl2 solution (3 mmol) was added to 20 mL of the 

above solution (9 mmol) upon stirring. The color of the FeCl2 solution turned to dark green, 

which indicated the complexation of the ferrous cations with the amino functional group. After 

stirring for more than 6 hours, the color of the mixed solution changed to orange, indicating the 

oxidation of Fe
2+

 to Fe
3+

. To prepare a solution of Cu
2+

 decorated POSS, 30mL aqueous solution 

of 0.1 M CuCl2 was reacted with 13.5 mL AEAPTMOS (6 mmol) in ethanol/water (14/1 in 

volume). The color of CuCl2 solution turned to dark blue after mixing and stirring for at least 12 

hours before used. 

4.2.2 Deposition of AA- metal (Cu
2+

, Fe
3+

) -decorated POSS hybrid film 

through Langmuir-Schaefer (LS) method 

Arachidic acid (AA) was purchased from Sigma-Aldrich and used as received. In a separate 

container, a mixture of ethanol and pure water (9:1 in volume) with 0.5 mg/ml of AA was 

prepared for surface modification. Ultra-pure ion free water with a resistivity of greater than 18 

MΩ-cm was used as subphase. The surface pressure–area (∏-a) isotherm measurements and 

deposition of the hybrid LS films were performed by using a Nima Technology thermostated 

612D LB trough at temperature of 23±0.5 
o
C. Langmuir films were obtained by spreading a 

chloroform solution of AA (0.2 mg/ml). After 30 minutes waiting time for the solvent 

evaporation, the AA molecules were compressed at a rate of 25 cm
2
/min by the movable barriers 
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until the target surface pressure 25 mN/m was reached. The pressure was kept constant during the 

whole deposition process. Before deposition the compressed Langmuir film was kept for 30 

minutes to stabilize.  

The multilayer organic-inorganic hybrid LS films were prepared following three different 

deposition cycles as illustrated in figure 4.1. In the first route illustrated in figure 4.1 (a), after 

every twice horizontal lift of AA layer from LB trough, the substrate moved to contact on a 

bearing solution of the metal-decorated POSS; while in the second route schematically shown in 

figure 4.1 (b), a self-assembled monolayer (SAM) of AA was deposited on top of the double 

layer formed of AA transferred from the LB trough and metal-decorated POSS assembled from 

the corresponding solution; in the third route depicted in figure 4.1 (c),  the hybrid LS films was 

obtained by an alternate repeated deposition of an AA layer from LB trough and a metal-

decorated POSS layer from the solution. 
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Figure 4.1  Three routes for the preparation of the layered hybrid structure containing metal-

decorated (Cu, Fe) organic-inorganic cage-like polyhedral oligomeric silsesquioxanes: (a) a 

modified Langmuir-Schaefer method (Route 1, dip twice into the trough in every cycle, before 

and after the POSS self-assembly step); (b) a modified Langmuir-Schaefer method, similar to 

Route 1 but where a AA self-assembly step replaces the second dip into the trough (Route 2); (c) 
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a modified Langmuir-Schaefer method (Route 3, dip only once into the trough in every cycle, 

before the POSS self-assembly step). 

4.3 Results and discussion 

4.3.1 Characterization of the deposition of AA-metal (Cu
2+

, Fe
3+

)-decorated 

POSS hybrid film 

To optimize the quality of the films deposited by the Langmuir-Schaefer method，we studied the 

time dependence of surface pressure and the total area covered by the surfactant AA monolayer 

during the deposition process of preparation route 1 and 2, as shown in Figure 4.2. Proof for 

successful transfer of the AA-Cu-POSS and AA-Fe-POSS hybrid films comes from the transfer 

characteristics plotted in figure 4.2 (a) & (b) and (c) &(d) respectively. The pressure remains 

constant during the whole deposition, indicating that the deposition conditions remain stable. 

When the substrate moves into the subphase during each horizontal dip, the trough area reduces 

due to the transfer of part of the Langmuir film from the subphase surface to the substrate, which 

is visible from the sharp step on the curve of the area versus time and a sharp downward peak on 

the curve of pressure versus time in figure 4.2. From the curve of the area versus time in Figure 

4.2, and knowing that the substrate surface area is close to 2.5 cm
2
 it can be seen that the transfer 

ratio is larger than 1 (1.5-1.7) throughout the deposition, indicating that the transfer at each dip 

collects more AA molecules than expected to cover the whole substrate area. Control studies of 

LB and LS deposition of only AA have shown that although the final AA films are identical (as 

proven by XRD) for identical conditions, the film produced by LS always has a transfer ration 

superior to one by ~60%. We attribute this effect to be due to excess material carried in a droplet 

that forms at the surface of the substrates through the breaking of the meniscus after every dip.  
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Figure 4.2 Time evolution of the trough area and of the surface pressure during LS deposition of 

upper panel: AA-Cu-POSS hybrid films through Route 1 (a) and Route 2 (b);  lower panel: AA-

Fe-POSS hybrid films through Route 1 (c) and Route 2 (d). 

4.3.2 XRD patterns of AA-metal-POSS hybrid films 

To understand the structure of the hybrid film and to prove the high quality of the layer-by-layer 

deposition, X-ray diffraction studies were carried out. Figure 4.3 shows the specular X-ray 

reflectivity of 20-layer thick hybrid films of AA-Cu-POSS and AA-Fe-POSS. Both films were 

prepared following route 1 and 2 described in figure 4.1. The first thing one can conclude from 

the XRD patterns in figure 4.3, is that films deposited following preparation route 2 that involves 

the self-assembly of AA step, are better ordered since there the d001 diffraction peak is sharper 

than for the films where preparation route 1 was followed. That is because by following 

preparation route 2, the even numbered layer of the AA surfactant is formed by spontaneous 

arrangement of AA at the surface of self-assembled monolayer (SAM) solution, while following 

route 2, the even numbered AA layer is formed by ‘flip over’ of AA molecules from the LB 

trough, which will have to overcome more hindrance. Both AA-Cu-POSS and AA-Fe-POSS 

http://dict.youdao.com/w/hindrance/#keyfrom=E2Ctranslation


Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 60 - 

 

hybrid films, samples prepared following route 1 and route 2 showed Bragg peaks at the same 

positions. The diffraction peaks of  AA-Cu-POSS film were observed at 2θ=2.30
o±0.05

o
, 4.67±

0.05
o
, and the pattern for AA-Fe-POSS film peaks at 2θ=1.35

o±0.05
o
, 2.54±0.05

o
, implying 

that, for each type of POSS, the different components deposited following routes 1 and 2 arrange 

in the same way to form layer-by-layer structures. The smallest distance d of the periodic unit 

perpendicular to the film surface was calculated from the position of diffraction peaks by using 

the Bragg formula. The d value found for AA-Cu-POSS films deposited following both route 1 

and 2 was 37.7 ± 0.4 Å, while for AA-Fe-POSS films, the d value was 68.0 ± 0.4 Å.  

 

 

Figure 4.3. X-ray reflectivity patterns of 20-layer thick hybrid films of (a) AA-Cu-POSS and (b) 

AA-Fe-POSS films, deposited following route 1 and route 2 in figure 4.1.  

The length of AA monolayer can vary from 15 to 25 Å depending on the tilting angle which it. 

adopts in the film. Assuming that the AA layer in both cases is tilted in the same way, there is a 

30 Å distance difference that can be explained by the different arrangement of the metal 

decorated POSS layer when using different metals. According to G. Balomenou et al.,[37] the 

height of the POSS layer, indicated as d1 in the lower panel of figure 4.4, is 7.1 Å when the 

flexible side chains take an horizontal orientation, which is the case for AA-Cu-POSS. Kataoka et 

al. [38] prepared a layered organic-inorganic hybrid materials by using alkylammonium 

functional POSS as building block and showed that the distance when side chains take an vertical 

orientation is 17-17.6 Å (indicated as d2 in the lower panel of figure 4.4). Moreover, the metal 

coordination of iron is octahedral and six ligands can be replaced during the formation of the iron 
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decorated POSS solution. This fact could explain the increased d value for the film containing the 

Fe-decorated POSS since it is highly possible that during the formation of the iron decorated 

POSS layer, a second POSS attaches due to the two free ligands of iron particle as illustrated in 

figure 4.4. 

 

 

Figure 4.4 Models of the structures of the metal (Cu
2+

, Fe
3+

) - decorated POSS and the hybrid 

AA-Metal (Cu
2+

, Fe
3+

)-POSS films, which explain the X-ray reflectivity results. 

Actually, after the horizontal lift from POSS solution, the outer surface of the AA-POSS (Cu
2+

, 

Fe
3+

) layer is positive charged and hydrophilic. The AA monolayer on the water surface is 

terminated by alkyl chains and hence hydrophobic. When the substrate with the outer surface of 

AA-POSS (Cu
2+

, Fe
3+

) layer moves to the LB trough again, the hydrophilic surface of the AA-

POSS layer can interact with the hydrophobic alkyl chains of AA Langmuir film and give rise to 

an X-type structure in the film.[39] However, this type of film is stable only for non-polar 

molecules.[40] For this reason, a “flip over” mechanism has been proposed to form a more stable 

Y-type structure.[41][42] In our case, the “flip over” occurs in every even cycle of deposition of 
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AA layers, no matter whether from the LB trough ( route 1) or from the AA in solution of ethanol 

(route 2). 

4.3.3 GIWAXS patterns of AA-metal-POSS hybrid films 

The ordered structural feature of AA-Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 and 25 

layers) samples prepared following route 1 were analyzed by Grazing-Incidence Wide-Angle X-

ray Scattering (GIWAXS), as shown in figure 4.5. The 2D GIWAXS patterns of samples of AA-

Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 layers) demonstrate good orientational order of 

the corresponding multilayers. While for the 25-layer-AA-Fe-POSS sample, it shows isotropic 

order, which indicating both the AA and POSS layers take different orientations during the 

formation of multilayers. 

 

Figure 4.5 The 2D GIWAXS patterns of AA-Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 

and 25 layers) samples. 
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The corresponding qz scans of AA-Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 and 25 layers) 

samples are shown below in figure 4.6. In the left panel of AA-Cu-POSS samples, The first order 

reflection peaks of 5 and 25 layers are at 1.81 nm
-1

 and 1.67 nm
-1

, corresponding to the layer 

spacing of 3.45 nm and 3.76 nm respectively. The results is in quite good agreement with the 

XRD results (~3.77 nm for 20-layer of AA-Cu-POSS). In the right panel of AA-Fe-POSS 

samples, considering the first order reflection peaks are not in the range, the second order 

reflection peaks at 1.65 nm
-1

 and 1.85 nm
-1

 can be observed (marked with stars), corresponding to 

the layer spacing of 7.60 nm and 6.78 nm respectively. This is also in good agreement with the 

XRD results (~6.80 nm for 20-layer of AA-Fe-POSS). 

       

Figure 4.6 GIWAXS profiles (qz scan)  of (a) AA-Cu-POSS (5 and 25 layers) and (b) AA-Fe-

POSS (5 and 25 layers) samples. 

4.3.4 Probing the surface of AA-metal-POSS hybrid films by XPS. 

To gain more insight into the arrangement of metal (Cu
2+

, Fe
3+

)-decorated POSS in between the 

AA layers and to verify our model proposed above, we performed XPS measurements on samples 

prepared following preparation route 3 illustrated in figure 4.1 (c). XPS can be directly used to 

identify the surface elemental composition of materials. Using a 37
o
 electron take-off angle, 95% 

of the XPS signal is calculated to come from a depth of ~1.1 nm, while the remaining 5% comes 

from deeper in the sample.[42], [43] Therefore, we use this technique to investigate the nature of 

the topmost surface of AA-Metal-POSS hybrid films. Figure 4.7 shows XPS spectra of the C1s 

(used as reference), N1s, Si2p, and Cu2p core level regions collected from AA-Cu-POSS hybrid 

films (a) and of the C1s, N1s, Si2p, and Fe2p core level regions collected from AA-Fe-POSS 
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hybrid films (b). From figure 4.7 (a), it can be clearly seen that the intensities of Cu, N and Si 

peaks change in alternate layers. There are larger amounts of Cu, N, Si in the topmost surface of 

the odd number layers as compared to layers of even number. Since Cu, N and Si stem from the 

Cu-decorated POSS layers, this observation confirms the “flip over” of AA layers.  

 

 

Figure 4.7 X-ray photoemission spectra of (a) 7 to 10 layer thick AA-Cu-POSS hybrid films and 

(b) 11 to 15 layer thick AA- Fe-POSS hybrid films. 
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During the deposition, every second layer of AA will flip to attach to the Cu-decorated POSS 

layer, inducing the alternate dominant contribution from C (from the AA surfactant) or from Cu, 

N and Si (from Cu-decorated POSS layer) in the XPS spectra. From figure 4.7 (b), it is obvious 

that the intensities of N and Si peaks vary in the same way as in figure 4.7 (a), while the intensity 

of Fe peak is always constant with alternate layers. Considering that Fe is 6-coordinated, we 

assume that the POSS cubes in this case have a “blocking effect” that leads to the constant peak 

intensity. In fact, as can be seen in figure 4.4, for AA-Fe-POSS hybrid films, even when the Fe-

decorated POSS layer is on the topmost surface, Fe is still covered by the POSS and that is why 

the intensity of Fe peak does not show the alternate change.  Hence the “flip over” of every 

second AA layer also takes place during the deposition of AA-Fe-POSS hybrid films. 

4.3.5 Revealing coordination structure of Cu
2+

&Fe
3+

 decorated hybrid films by 

N1s spectrum 

To investigate the coordination of Cu
2+

 and Fe
3+

, we analyzed the XPS spectra of the N1s core 

level region for AA-Cu-POSS and AA-Fe-POSS hybrid films. As can be seen in figure 4.8, the 

nitrogen spectrum of the AA-Cu-POSS hybrid was fitted with three components at binding 

energies of 399.7 eV, 400.9 eV and 401.5 eV. The peak at 400.9 eV, which accounts for 64.5 % 

of the total N1s spectral intensity, can be assigned to protonated nitrogen ((-NH2-)
+
 & NH3

+
); 

these positively charged amino groups are connected with negatively charged AA. The peak at 

401.8 eV, which accounts for 23.0% of the total N1s spectral intensity, is attributed to nitrogen 

coordinated with Cu
2+

 ions. The third peak at 399.7 eV, accounting for 12.5 % of the total N1s 

spectral intensity, stems from free amino groups that exist in the AA-Cu-POSS hybrid films. 
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Figure 4.8 X-ray photoemission spectra of the N1s core level region for hybrid films of (a) AA-

Cu-POSS (b) AA- Fe-POSS. 

Similarly, the nitrogen spectrum of the AA-Fe-POSS hybrid film can also be fitted with three 

components at binding energies of 399.7 eV, 400.9 eV and 402.1 eV, which account for 29.8 % 

17.3 % and 52.9 % respectively of the total N1s spectral intensity, can be assigned to protonated 

nitrogen, N coordinated with Fe
3+

 [44], [45] and free amino groups that exist in the AA-Fe-POSS 

hybrid films. This result confirms the hypothesis that in the case of iron during the synthesis of 

the metal decorated POSS solution, the neutral amines arises due to the formation of a double 

POSS layer during film deposition. 

4.4 Conclusions 

Our results demonstrate the successful deposition of well-ordered metal-decorated (Cu
2+

, Fe
3+

) 

organic-inorganic polyhedral oligomeric silsesquioxanes (POSS) hybrid film in a layer-by-layer 

fashion. A “flip over” of even layers of AA can be observed during the deposition, leading to a 

periodically repeated AA-Cu(Fe) decorated POSS-AA building block. Additionally, the hybrid 

films deposited following route 2 (involving a AA self-assembly process) are structurally better 

ordered than those deposited following route 1. The arrangement of the POSS in the film can be 

controlled via the coordination of the metal ions. Fabrication of hybrid structures comprising 

metal decorated cage-like polyhedral oligomeric silsesquioxanes (POSS) is very appealing for 

application in catalysis, molecular sieves and gas storage. 

 



Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 67 - 

 

References 

[1] M. L. Lin, C. C. Huang, M. Y. Lo, and C. Y. Mou, “Well-Ordered Mesoporous Carbon 

Thin Film with Perpendicular Channels: Application to Direct Methanol Fuel Cell,” J. 

Phys. Chem. C, vol. 112, no. 3, pp. 867–873, 2008. 

[2] H. Li, S. Pang, S. Wu, X. Feng, K. Müllen, and C. Bubeck, “Layer-by-layer assembly and 

UV photoreduction of graphene-polyoxometalate composite films for electronics,” J. Am. 

Chem. Soc., vol. 133, no. 24, pp. 9423–9429, 2011. 

[3] E. P. Giannelis, “Polymer Layered Silicate Nanocomposites,” Adv. Mater., vol. 8, no. 1, pp. 

29–35, 1996. 

[4] P. T. Hammond, “Recent explorations in electrostatic multilayer thin film assembly,” Curr. 

Opin. Colloid Interface Sci., vol. 4, no. 6, pp. 430–442, 1999. 

[5] C. Tang, A. Tracz, M. Kruk, R. Zhang, D. M. Smilgies, K. Matyjaszewski, and T. 

Kowalewski, “Long-Range Ordered Thin Films of Block Copolymers Prepared by Zone-

Casting and Their Thermal Conversion into Ordered Nanostructured Carbon,” J. Am. 

Chem. Soc., vol. 127, no. 19, pp. 6918–6919, 2005. 

[6] P. Smolenyak,  R. Peterson, K. Nebesny, M. Törker, D. F. O’Brien, and N. R. Armstrong, 

“Highly Ordered Thin Films of Octasubstituted Phthalocyanines,” J. Am. Chem. Soc., vol. 

121, no. 37, pp. 8628–8636, 1999. 

[7] J. L. MacManus-Driscoll,  P. Zerrer, H. Wang, H. Yang, J. Yoon, A. Fouchet, R. Yu, M. G. 

Blamire, and Q. Jia, “Strain control and spontaneous phase ordering in vertical 

nanocomposite heteroepitaxial thin films,” Nat. Mater., vol. 7, no. 4, pp. 314–320, Apr. 

2008. 

[8] Y. Lu, Y. Yang, A. Sellinger, M. Lu, J. Huang, H. Fan, R. Haddad, G. Lopez, A. R. Burns, 

D. Y. Sasaki, J. Shelnutt, and C. J. Brinker, “Self-assembly of mesoscopically ordered 

chromatic polydiacetylene/silica nanocomposites,” Nature, vol. 410, no. 6831, pp. 913–

917, Apr. 2001. 



Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 68 - 

 

[9] S. H. Joo, S. J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki, and R. Ryoo, “Ordered 

nanoporous arrays of carbon supporting high dispersions of platinum nanoparticles,” 

Nature, vol. 412, no. 6843, pp. 169–172, Jul. 2001. 

[10] B. H. Jeong, E. M. V Hoek, Y. Yan, A. Subramani, X. Huang, G. Hurwitz, A. K. Ghosh, 

and A. Jawor, “Interfacial polymerization of thin film nanocomposites: A new concept for 

reverse osmosis membranes,” J. Memb. Sci., vol. 294, no. 1–2, pp. 1–7, 2007. 

[11] D. J. Gundlach, J. A. Nichols, L. Zhou, and T. N. Jackson, “Thin-film transistors based on 

well-ordered thermally evaporated naphthacene films,” Appl. Phys. Lett., vol. 80, no. 16, 

pp. 2925–2927, 2002. 

[12] G. Eda and M. Chhowalla, “Graphene-based Composite Thin Films for Electronics136,” 

Nano Lett., vol. 9, no. 2, pp. 814–818, 2009. 

[13] C. Dimitrakopoulos and P. Malenfant, “Organic thin film transistors for large area 

electronics,” Adv. Mater., vol. 14, no. 2, pp. 99–117, 2002. 

[14] S. H. Phillips, T. S. Haddad, and S. J. Tomczak, “Developments in nanoscience: 

Polyhedral oligomeric silsesquioxane (POSS)-polymers,” Curr. Opin. Solid State Mater. 

Sci., vol. 8, no. 1, pp. 21–29, 2004. 

[15] C. M. Leu, Y. Te Chang, and K. H. Wei, “Polyimide-side-chain tethered polyhedral 

oligomeric silsesquioxane nanocomposites for low-dielectric film applications,” Chem. 

Mater., vol. 15, no. 19, pp. 3721–3727, 2003. 

[16] R. Baney, M. Itoh, A. Sakakibara, and T. Suzuki, “Silsesquioxanes,” Chem. Rev., pp. 

1409–1430, 1995. 

[17] H. Fong, S. H. Dickens, and G. M. Flaim, “Evaluation of dental restorative composites 

containing polyhedral oligomeric silsesquioxane methacrylate.,” Dent. Mater., vol. 21, no. 

6, pp. 520–9, 2005. 

[18] A. U. Y. Siang Soh, Mui, Alan Sellinger, “Dental nanocomposites,” Curr. Nanosci., vol. 2, 

no. 4, pp. 373–381, 2006. 



Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 69 - 

 

[19] F. Carniato, C. Bisio, E. Boccaleri, M. Guidotti, E. Gavrilova, and L. Marchese, 

“Titanosilsesquioxane anchored on mesoporous silicas: A novel approach for the 

preparation of heterogeneous catalysts for selective oxidations,” Chem.  Eur. J., vol. 14, no. 

27, pp. 8098–8101, 2008. 

[20] D. B. Cordes, P. D. Lickiss, and F. Rataboul, “Recent Developments in the Chemistry of 

Cubic Polyhedral.pdf,” Chem. Rev., vol. 110, pp. 2081–2173, 2010. 

[21] Y. Kaneko, E. B. Coughlin, T. Gunji, M. Itoh, K. Matsukawa, and K. Naka, 

“Silsesquioxanes: Recent advancement and novel applications,” Int. J. Polym. Sci., vol. 

2012, pp. 2012–2014, 2012. 

[22] G. Potsi  Rossos, A., Kouloumpis, A., Antoniou, M.K., Spyrou, K., Karakassides, M.A., 

Gournis, D., Rudolf, P., “Carbon nanostructures containing polyhedral oligomeric 

silsesquioxanes (POSS),” Curr. Org. Chem., vol. 20, pp. 662–673, 2016. 

[23] A. Maiti, R. H. Gee, R. Maxwell, and A. P. Saab, “Hydrogen catalysis and scavenging 

action of Pd-POSS nanoparticles,” Chem. Phys. Lett., vol. 440, no. 4–6, pp. 244–248, 2007. 

[24] F. Li, Y. Li, T. S. Chung, and S. Kawi, “Facilitated transport by hybrid POSS-Matrimid-

Zn
2+

 nanocomposite membranes for the separation of natural gas,” J. Memb. Sci., vol. 356, 

no. 1–2, pp. 14–21, 2010. 

[25] N. N. Ghosh, J. C. Clark, G. T. Eldridge, and C. E. Barnes, “Building block syntheses of 

site-isolated vanadyl groups in silicate oxides.,” Chem. Commun. (Camb)., no. 7, pp. 856–

7, 2004. 

[26] J. Choi, J. Harcup, A. F. Yee, Q. Zhu, and R. M. Laine, “Organic/inorganic hybrid 

composites from cubic silsesquioxanes,” J. Am. Chem. Soc., vol. 123, no. 46, pp. 11420–

11430, 2001. 

[27] M. C. Petty, Langmuir–Blodgett Films: an Introduction. Cambridge University Press, New 

York, 1996. 

[28] A. Wamke, K. Dopierala, K. Prochaska, H. Maciejewski, A. Biadasz, and A. Dudkowiak, 



Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 70 - 

 

“Characterization of Langmuir monolayer, Langmuir-Blodgett and Langmuir-Schaefer 

films formed by POSS compounds,” Colloids Surfaces A Physicochem. Eng. Asp., vol. 464, 

pp. 110–120, 2015. 

[29] D. M. Collins, R. Countryman, and J. L. Hoard, “Collins D M, Countryman R, Hoard J L. 

Stereochemistry of low-spin iron porphyrins. I. Bis (imidazole). alpha.,. beta.,. gamma.,. 

delta.-tetraphenylporphinatoiron (III) chloride,” vol. 94, no. 6,  pp. 2066-2072, 1992. 

[30] E. E. L. Rue and K. K. W. Bruland, “Complexation of iron (III) by natural organic ligands 

in the Central North Pacific as determined by a new competitive ligand equilibration/ 

adsorptive cathodic stripping,” Marine Chemistry, vol. 50, no. 1–4. pp. 117–138, 1995. 

[31] M. Balamurugan, P. Vadivelu, and M. Palaniandavar, “Iron(iii) complexes of tripodal 

tetradentate 4N ligands as functional models for catechol dioxygenases: the electronic vs. 

steric effect on extradiol cleavage,” Dalt. Trans., vol. 43, no. 39, pp. 14653–14668, 2014. 

[32] P. Olivera-Pastor, P. Maireles-Torres, E. Rodríguez-Castellón, A. Jiménez-López, T. 

Cassagneau, D. J. Jones, and J. Rozière, “Nanostructured Inorganically Pillared Layered 

Metal(IV) Phosphates,” Chem. Mater., vol. 8, no. Iv, pp. 1758–1769, 1996. 

[33] D. Petridis, D. Gournis, and M. A. Karakassides, “The Chemistry of Organofunctionalized 

Silicon Cubanes in Swelling Smectites,” Mol. Cryst. Liq. Cryst. Sci. Technol. Sect. A. Mol. 

Cryst. Liq. Cryst., vol. 311, no. 1, pp. 345–350, 1998. 

[34] D. J. Jones, T. Cassagneau, and J. Roziere, Multifunctional Mesoporous Inorganic Solids. 

Springer Netherlands, 1993. 

[35] T. Cassagneau, D. J. Jones, and J. Roziere, “Novel inorganic oxide pillared .gamma.-

zirconium phosphate formed by intercalation of octameric siloxanes,” J. Phys. Chem., vol. 

97, no. 34, pp. 8678–8680, 1993. 

[36] J. Roziere, D. J. Jones, and T. Cassagneau, “Crosslinked layered materials formed by 

intercalation of octameric siloxanes in metal(IV) hydrogen phosphates,” J. Mater. Chem., 

vol. 1, no. 6, pp. 1081–1082, 1991. 



Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 71 - 

 

[37] G. Balomenou, P. Stathi, A. Enotiadis, D. Gournis, and Y. Deligiannakis, 

“Physicochemical study of amino-functionalized organosilicon cubes intercalated in 

montmorillonite clay: H-binding and metal uptake,” J. Colloid Interface Sci., vol. 325, no. 

1, pp. 74–83, 2008. 

[38] S. Kataoka, S. Banerjee, A. Kawai, Y. Kamimura, J. C. Choi, T. Kodaira, K. Sato, and A. 

Endo, “Layered hybrid perovskites with micropores created by alkylammonium functional 

silsesquioxane interlayers,” J. Am. Chem. Soc., vol. 137, no. 12, pp. 4158–4163, 2015. 

[39] Y. Umemura, Y. Onodera, and A. Yamagishi, “Layered structure of hybrid films of an 

alkylammonium cation and a clay mineral as prepared by the Langmuir-Blodgett method,” 

Thin Solid Films, vol. 426, no. 1–2, pp. 216–220, 2003. 

[40] A. Ulman, “An Introduction to Ultrathin Organic Films: From Langmuir--Blodgett to Self-

-Assembly.,” Acad. Press, 2013. 

[41] Y. Umemura, A. Yamagishi, R. Schoonheydt, F. De Schryver, and K. U. Leuven, 

“Langmuir-Blodgett Films of a Clay Mineral and Ruthenium ( II ) Complexes with a 

Noncentrosymmetric Structure,” J. Am. Chem. Soc., vol. 124, no. 6, pp. 992–997, 2002. 

[42] L. M. Toma, R. Y. N. Gengler, E. B. Prinsen, D. Gournis, and P. Rudolf, “A Langmuir-

Schaefer approach for the synthesis of highly ordered organoclay thin films.,” Phys. Chem. 

Chem. Phys., vol. 12, no. 38, pp. 12188–97, 2010. 

[43] Rajiv Kohli and K.L.Mittal, Developments in Surface Contamination and Cleaning-

Fundamentals and Applied Aspects. 2008. 

[44] J. C. Zuo, S. R. Tong, X. L. Yu, L. Y. Wu, C. Y. Cao, M. F. Ge, and W. G. Song, “Fe
3+

 

and amino functioned mesoporous silica: Preparation, structural analysis and arsenic 

adsorption,” J. Hazard. Mater., vol. 235–236, pp. 336–342, 2012. 

[45] X. Liu, J. L. Thomason, and F. R. Jones, “XPS and AFM study of interaction of 

organosilane and sizing with e-glass fibre surface,” J. Adhes., vol. 84, no. 4, pp. 322–338, 

2008. 



Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes 

- 72 - 

 

 

 

 

 

 

 

 

 



Chapter 5 Insertion of metal-decorated (Fe) organic-inorganic cage-like polyhedral oligomeric 

silsesquioxanes between clay platelets by Langmuir Schaefer deposition 

- 73 - 

 

 

Chapter 5 

Insertion of metal-decorated (Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes between clay platelets 

by Langmuir Schaefer deposition 

 

In this chapter, we demonstrate the preparation of highly ordered hybrid films consisting of a 

surfactant (Dimethyldioctadecylammonium), Fe
3+

-decorated polyhedral oligomeric 

silsesquioxanes (POSS) and montmorillonite clay platelets. The elemental composition of the film 

was confirmed by X-ray photoelectron spectroscopy (XPS); X-ray diffraction (XRD) results 

showed smooth interfaces between the different layers. Moreover, combining the XPS and XRD 

results, a multilayer structure with a DODA-clay-POSS (Fe
3+

) periodically repeating building 

block can be proposed, where the POSS units adopt a staggered arrangement. 
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5.1 Introduction 

Self-assembly provides the opportunity to create multifunctional materials from organic and 

inorganic building blocks.[1] Particularly self-assembly at a surface, which can be exploited to 

build supramolecular architectures, is important in respect to practical applications such as 

medical devices and catalyst support.[2]–[8] For example, POSS modified clay was fabricated to 

support nickel catalyst for polymerization.[8] However, in applications such as surface catalysis 

for ordered structure, thin films are the desirable form. The Langmuir-Schafer (LS) method is a 

versatile method to grow thin films at room temperature and on rigid or flexible substrates; it also 

provides excellent control down to molecular level through simply changing external parameters 

during deposition.[9], [10] Our focus here is to construct new organic-inorganic hybrid materials 

by insertion of metal-decorated (Fe) organic-inorganic polyhedral oligomeric silsesquioxane 

(POSS) between clay platelets by means of a combination of the LS method and self-assembly.  

In recent years, POSS have attracted significant attention due to providing a versatile platform for 

innovative research and diverse applications. Such materials can be used as templates for 

fabricating nanostructured materials such as star polymers,[11], [12]  catalysts,[13], [14] and 

dendrimers.[15] Besides, POSS can be part of ‘self-healing’ high temperature nanocomposites 

used in coatings, which survive in space.[16], [17] The core-shell three-dimensional (3D) cage-

like highly symmetric frameworks constituting POSS can be fabricated through hydrolytic 

condensation reactions of organosilicon monomers RSiOH3.[18] If properly functioned, POSS 

can be bonded with metal ions to form metal substituted silsesquioxanes. 

Montmorillonite clay is a layered mineral, which can be intercalated, swell and serve as host for 

ion exchange. It has therefore been considered for application in various fields such as 

catalysis,[19], [20] synthesis templates,[21], [22] building blocks for composite materials.[23]–

[26] The structure of montmorillonite clay consists of two tetrahedral sheets of silica sandwiching 

a central octahedral sheet of alumina. The thickness of this unit is 0.96 nm. It is negative charged 

since part of the Al
3+

 ions in octahedral sites are substituted by Mg
2+

 and part of Si
4+

 ions in 

tetrahedral sites are substituted by Al
3+

.[27] These negative charged platelets have the tendency 

to absorb positive charged species (and even neutral molecules) on their surface and in the 

interlayer space between platelets.[27]  

https://en.wikipedia.org/wiki/Tetrahedral
https://en.wikipedia.org/wiki/Silica
https://en.wikipedia.org/wiki/Octahedral
https://en.wikipedia.org/wiki/Alumina
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Considerable attention has been paid to combine POSS molecules and clay minerals into a hybrid 

system that could benefit from the properties of both components. For example, Y. Deligiannakis 

et al.[28] embedded amino-functioned POSS in between lattice of clays. The products show 

promise in absorbing heavy metals from water at physiological pH values. Moreover, clay 

intercalated with amino-functioned POSS is essential to develop polymer nanocomposites.[29], 

[30] The challenge addressed in this work was to produce POSS-montmorillonite hybrids in the 

form of films and make them available for wider range of applications such as catalyst support.[8] 

Differently from the bulk synthesis of POSS-intercalated clay,[28] the LS technique allows to 

produce multilayer hybrid thin films with outstanding control over the thickness as well as the 

structures.[27], [31]–[33] Considering these advantages, in this work, we aim at fabricating 

nanostructured thin film where the Fe
3+

-decorated POSS is sandwiched between an organic layer 

(DODA) and clay platelets. 

5.2 Preparation of Langmuir-Schaefer (LS) film  

The clay minerals employed in this  project  was  a  natural  dioctahedral  montmorillonite, 

obtained from Kunimine Industries Co. (Japan), Kunipia F (KUN), with structural formula  

Ca0.11Na0.891(Si7.63 Al0.37 )(Al3.053Mg0.65Fe0.245Ti 0.015 )O20 (OH)4 and a cation exchange capacity 

(CEC) of 1.18 meq/g. Dimethyldioctadecylammonium (DODA) was purchased from Sigma-

Aldrich and used as received. FeCl2.4H2O (99%) was purchased from Merck and used as 

received. To fabricate the hybrid film, firstly a dilute (10 ppm) suspension of negatively charged 

clay nanosheets was prepared and poured into the thermostated Langmuir Blodgett trough kept at 

23 ± 0.5 
o
C; then the cationic surfactant DODA bromide dissolved in chloroform-ethanol (9:1 in 

volume) was spread on the surface of the  clay dispersion with the help of a microsyringe. The 

positively charged DODA attracts the negative charged clay nanosheets to the surface through 

electrostatic force. The surfactant molecules with the attached clay platelets behave like a 2D gas, 

which can be compressed with the help of the movable barriers.[34]–[37] In our experiments we 

allowed for a 30 minutes waiting time for the solvent evaporation before starting compression at 

a rate of 25 cm
2
/min. Gengler et al. studied the Π-a isotherms of DODA monolayers on clay 

dispersions with concentration ranging from 5 to 500 ppm, as shown in figure 5.1.[27] Based on 

these results we chose a clay dispersion with the optimized concentration of 10 ppm to try to 
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avoid the aggregation of DODA and clay nanosheets for our deposition process. For deposition 

we chose the target surface pressure 15 mN/m and kept it constant during the whole deposition 

process. Before deposition the Langmuir film was kept compressed for 30 minutes to stabilize. 

On the other hand, the solution of Fe-decorated POSS was prepared as described in chapter 4. 

The multilayer organic-inorganic hybrid LS films were prepared by alternating the LS deposition 

of a layer of amphiphilic DODA and clay platelets from LB trough with a self-assembly step of 

metal-decorated POSS from the solution numerous times as illustrated in figure 5.2. 

 

 

Figure 5.1  Π-a isotherms of floating monolayers of DODA on pure water and on clay mineral 

dispersions of different concentration (5-500 mg/l).[27] 
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Figure 5.2 Preparation progress and the model of the multilayer of hybrid DODA-clay-POSS. 

5.3 Results and discussion 

5.3.1 Characterization of the deposition of DODA-clay-POSS (Fe) hybrid film 

To investigate the quality of the films deposited by the Langmuir-Schaefer method，we studied 

the time dependence of surface pressure and the total area covered by the Langmuir film during 

the deposition process illustrated in figure 5.2. Successful transfer of the DODA-clay layer can be 

proved by the transfer characteristics plotted in figure 5.3. When the substrate moves into the 

subphase during each horizontal dip, the trough area reduces due to the transfer of the DODA-

clay layer from the subphase surface to the substrate; this process generates a sharp step in the 

curve of area versus time and a sharp downward peak on the curve of pressure versus time in 

figure 5.3. The step height indicates the area that is transferred to the substrate. Given that the 

substrate area is ~2.5 cm
2
, we calculated that the transfer ratio was ~0.9 during the deposition.  
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Figure 5.3 The LS deposition of DODA-clay-POSS (Fe) hybrid films. The black curve 

represents the trough area covered by the Langmuir film; the grey curve denotes the change of 

the surface pressure through the whole deposition. 

5.3.2 XRD Patterns of DODA-clay-POSS (Fe
3+

) hybrid film 

To understand the structure of the hybrid film and to prove the high quality of the layer-by-layer 

deposition, X-ray diffraction studies were carried out. Figure 5.4 shows the specular X-ray 

reflectivity of a 34-layer thick DODA-clay-POSS (Fe
3+

) hybrid film. Diffraction peaks were 

observed at 2θ=2.24
o±0.05

o
, 4.57±0.05

o
 and 6.80±0.05

o
. The smallest distance d of the 

periodic unit perpendicular to the film surface was calculated from the position of diffraction 

peaks by using the Bragg formula. The d value found for the DODA-clay-POSS (Fe
3+

) film was 

39.5 ± 0.5 Å. Additionally an extra peak appeared between d001 and d002 as shown in figure 5.4; 

by collecting data also from an empty wafer substrate (lower curve in Figure 5.4) we confirmed 

that this peak is an artefact introduced by the X-ray diffractometer. 

The thickness of the DODA monolayer can vary from 15 to 25 Å depending on the tilting angle 

that the molecule adopts in the film.[38] The thickness of the clay sheet is 9.6 Å. As to the 

dimensions of the POSS, it has been reported[28], [39] that the POSS layer is 7.1 Å thick when 

the flexible side chains take a horizontal orientation, and 17-17.6 Å when side chains take a 

vertical orientation, as indicated in figure 5.5. We shall discuss the arrangement of the POSS 
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between clay platelets when we discuss the X-ray photoelectron spectroscopy data below. Given 

that we found a d value of about 40 Å, it is highly possible that the smallest repeat unit consists of 

one DODA layer, one clay platelet layer and one Fe-decorated POSS layer. If we consider the 

deposition procedure sketched in figure 5.2, after the horizontal lift from the POSS solution, the 

outer surface of the DODA-clay-POSS (Fe
3+

) layer is positively charged. The DODA monolayer 

on the surface of subphase is terminated by alkyl chains and hence hydrophobic. So when the 

substrate moves to the LB trough again, the positive charged surface layer can interact with 

DODA-clay Langmuir film and transfer, thus giving rise to an X-type structure in the film. A 

similar mechanism of forming multilayer hybrid structures was also described by Y. Umemura et 

al.. [37]  

 

Figure 5.4 X-ray reflectivity patterns of 34-layer-thick hybrid films deposited following the 

preparation route in figure 5.2.  
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Figure 5.5 Models of the arrangement of the POSS units in the DODA-clay-POSS (Fe
3+

) films, 

which explain the X-ray reflectivity results. 

5.3.3 Probing the surface of DODA-clay-POSS (Fe
3+

) by XPS 

To verify whether the multilayer really assembles with an X-type structure as proposed above, we 

performed XPS measurements on the sample prepared following preparation route illustrated in 

figure 5.2. As described in chapter 4, XPS can be directly used to identify the surface elemental 

composition of materials. Therefore, we used this technique to determine the composition of the 

topmost surface of DODA-clay-POSS (Fe
3+

) hybrid films. Figure 5.7 shows XPS spectra of the 

C1s (used as reference), N1s, and Fe2p core level regions collected from DODA-clay-POSS 

(Fe
3+

) hybrid films. It can be clearly seen that the intensities of Fe and N peaks increase in the 

same way with the number of layers. This observation confirms there is no “flip over” of DODA 

layers during the deposition. If the “flip over” of DODA layers was taking place, the intensity of 
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N1s peak, which is mainly due to POSS, should be observed to show alternative change of 

intensities. 

However, an X-type structure in the film does not yet explain the d value of about 40 Å. To 

justify why the POSS units are bound to one another in a staggered fashion - as sketched in 

Figure 5.5- which leads to a thickness of the POSS layer >7.1 Å, we have to inspect the N1s core 

level photoemission spectrum in detail.  As can be seen in figure 5.8, the N1s line of the DODA-

clay-POSS (Fe
3+

) hybrid film was fitted with three components at binding energies of 399.7 eV, 

400.6 eV and 402.1 eV. The peak at 400.6 eV, which accounts for 50.8 % of the total N1s 

spectral intensity, can be assigned to protonated nitrogen, namely (-NH2-)
+
 and NH3

+
;[40] these 

positively charged amino groups are connected to the negatively charged clay sheets. 

 

Figure 5.6 X-ray photoemission survey spectra of the DODA-clay-POSS (Fe
3+

) film. 
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Figure 5.7 X-ray photoemission spectra of 10- to 13-layer-thick DODA-clay-POSS (Fe
3+

) hybrid 

films. 

The peak at 402.1 eV, which accounts for 17.5% of the total N1s spectral intensity, is attributed 

to nitrogen coordinated with Fe
3+

 ions. Additionally there is a third peak at 399.7 eV, accounting 

for 31.7 % of the total N1s spectral intensity, which stems from free amino groups that exist in 

the DODA-clay-POSS (Fe
3+

) hybrid films. These neutral amines can link up to a second 

silsesquioxane and form a staggered layer during film deposition due to the iron coordination. As 

to Fe
3+

 coordination with POSS, It has been verified through extended X-ray absorption fine 

structure (EXAFS) measurements to be shown in the manuscript of Chapter 4. 
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Figure 5.8 X-ray photoemission spectra of the N1s core level region for DODA-clay-POSS (Fe
3+

) 

hybrid films. 

5.4 Conclusions 

The results demonstrate the successful insertion of metal-decorated (Fe
3+

) organic-inorganic 

polyhedral oligomeric silsesquioxanes (POSS) between clay platelets, forming a well-ordered 

hybrid film in a layer-by-layer fashion. The hybrid film deposition was performed by using a 

combination of Langmuir-Schaefer (LS) method with a self-assembly step, with a good control of 

the structure built up during the growth. This approach can serve also for different hybrid films 

where the molecular organization within the system can be manipulated by choosing different 

organic or inorganic species. 
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Chapter 6 

XPS study of the phase transition in a layered CuCl4-based 

organic-inorganic hybrid 

The organic-inorganic hybrid CuCl4(C6H5CH2CH2NH3)2 （ PEACuCl ） is a new type of 

multiferroic material, holding great potential application in electronics. PEACuCl, as the 

material is called in short, shows spontaneous ferroelectric order below the first order phase 

transition temperature TC = 340 K. In this chapter, we report on the study of the phase transition 

at TC=340 K of PEACuCl by means of X-ray photoelectron spectroscopy (XPS). When comparing 

the Cu 2p3/2, Cl 2p and N 1s core level spectra of PEACuCl collected at room temperature TR

（TR < TC）and at high temperature T1（T1 > TC）,  it is clearly seen that the full width at half 

maximum (FWHM) of these peaks is smaller at T1. Combining this result with the XRD and 

Raman characterization previously performed by A. Arkenbout, A. Polyakov, and A. Caretta, we 

suggest that the chemical environment of Cu and Cl changes due to a rearrangement of the 

hydrogen bond (N-H…Cl) between the organic cations and the inorganic negatively charged 

CuCl6 octahedral backbones.  
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6.1 Introduction  

In recent years, there has been a growing interest in organic-inorganic hybrids because these 

materials do not only allow to combine desirable properties of individual components, they also 

offer the possibility to design new applications that outperform both organic and inorganic 

constituents. The interest in organic materials stems from their easy processability, structural 

flexibility and tunable electronic properties.[1]–[3] Inorganic materials are widely used for 

electronic applications[4], [5]; future application envision exploiting properties such as 

ferroelectricity and magnetic ordering. In this respect, the combination of the best of the organic 

and inorganic worlds at molecule level can form interesting new class materials.[6] 

In this chapter, we focus on two dimensional organic-inorganic perovskite bulk hybrids. The 

structural phase transitions as well as attractive magnetic properties of this type of hybrids have 

been widely studied.[7]–[10] The perovskite structure AMX3 is a 3-dimensional network of 

corner-sharing MX6 octahedra, where M is generally a divalent transition metal, X are typically 

halide atoms, and A are organic cations. These hybrids provide a good platform to study low 

dimensional electronic and magnetic properties.[6], [10] One example is that the layered organic-

inorganic bulk hybrid crystals CuCl4(C6H5CH2CH2NH3)2 show spontaneous ferroelectric order, 

which sets in just above room temperature  and coexists with ferromagnetic ordering below 13 

K.[10] The physical origin of the ferroelectric phase transition at TC=340 K is still under debate. 

Two explanations have been suggested; one is that the buckling of the inorganic octahedra 

induces dipolar ordering, which disappears above TC,[10], [11] the alternative one attributes the 

electric polarization below TC to the tilt of organic cations.[12]  

In order to gain a better understanding of the origin of the ferrolectric phase transition at 340 K in 

PEACuCl, we analysed the material at room temperature TR (TR < TC) and at high temperature T1 

(T1 > TC) by X-ray photoelectron spectroscopy (XPS) to investigate the chemical environment of 

the main elements, namely Cu, Cl, and N.  

6.2 Phase transition and structures 

PEACuCl crystals were synthesized by self-assembly of the organic and inorganic components in 

solution.[10], [13].  In detail, firstly 2-phenyl-ethylammoniumchloride was made by slowly 

adding a saturated HCl solution to phenylethylamine and then an aqueous solution of this 
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compound and CuCl2·2H2O salts was prepared. The PEACuCl crystals, obtained by evaporation 

of water from this solution, were yellowish transparent square plates, with the largest surface 

parallel to the inorganic planes. Typical dimensions are 3×3 mm
2
, with a thickness between 150 

μm and 1 mm. The crystals are yellowish at room temperature, but turn green on cooling below 

∼200 K. 

The existence of phase transitions in PEACuCl was first evidenced by differential scanning 

calorimetry (DSC) measurements. Figure 6.1 (a) shows the heat flow above room temperature 

measured by A. Arkenbout.[14] Two phase transitions marked by arrows can be observed at 340 

K and 410 K; the latter is below the decomposition temperature of 460 K. A detailed 

investigation of the heat flow upon heating and cooling the sample around 340 K is shown in 

figure 6.2 (b). The hysteresis loop identifies this phase transition as weakly first order, similarly 

to what was observed in liquid crystals[15] and ammonium halides.[16]  

        

Figure 6.1 Differential scanning calorimetry measurements of PEACuCl: heat flow measured 

while heating up (a) and during a heating-cooling cycle in the temperature region of the first 

phase  transition (b).[14], [17] 

The structure of the PEACuCl crystal was investigated by A. Arkenbout and A. Polyakov by 

single crystal diffraction.[14], [17] As is shown in figure 6.2, the inorganic layers of corner 

sharing CuCl6 octahedra are separated by layers of organic phenylethylammonium (PEA).[6], 

[14], [18] The symmetry of PEACuCl can be described by the non-polar Pbca space group at 100 

K and changes to the Cmca group at temperatures above TC . The structure refinement from XRD 

is listed in table 6.1.  
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Figure 6.2 Crystal structure of PEACuCl determined by single crystal X-ray diffraction at 100 

K.[10] 
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Table 6.1 Summary of the single crystal structure refinement below and above Tc (340 K).[14] 

(The units of distances and angles are ångström and degree respectively .) 

Based on the refinement of the XRD data, in the Pbca (
15

2hD ) space group, the CuCl6 octahedra 

are buckled, and the buckling angle becomes zero at temperatures above TC=340 K; so the most 

striking change between temperatures below and above TC in the inorganic layer is the 

disappearance of the mirror plane due to the buckling.[14] Below TC, the buckling of the CuCl6 

octahedra drives hydrogen bond (N-H…Cl) ordering, where each ammonium group occupies a 

fixed position. While in the high temperature (above TC) phase, each ammonium group can 

occupy flexible positions and the ordering of hydrogen bond network is absent. Moreover, it has 

been demonstrated that PEACuCl showed spontaneous ferroelectric order below 340 K.[10] 

Figure 6.3 shows how the polarization of PEACuCl disappears above TC; this proves the space 

group below TC must be polar.[10], [14]  
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Figure 6.3 Temperature dependence of the pyroelectric current (inset) and the polarization 

perpendicular to the c-axis.[10] 

However, the Pbca group is non-polar as suggested by the XRD results at 100 K. Hence in order 

to reveal the polar nature of the phase of PEACuCl below TC, the low frequency vibrational 

modes of the organic cations were investigated by Raman spectroscopy by A. Caretta.[12], [19] 

Figure 6.4 shows the low frequency Raman study of PEACuCl at selected temperatures.[12], [19] 

The intensity of Raman-active organic librational mode α decreases and becomes zero at 340 K. 

This observation can be explained by absence of orientational order the organic molecules. In 

other words, the polar order at lower temperature is explained as arising from a tilt of the organic 

molecules with respect to the inorganic plane that alternates in the c-direction. However the 

predicted tilt of the organic cations is so small, ∼0,07
o
 , that it might be beyond the sensitivity of 

X-ray diffraction measurements. 
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Figure 6.4 Temperature evaluation of Raman-active organic liberation mode α at ~ 15 cm
-1

.[12] 

6.3 X-ray photoelectron spectroscopy (XPS) analysis of the 

PEACuCl hybrid 

To shed more light on the origin of the phase transition of PEACuCl at 340 K, XPS spectra were 

collected at temperatures below and above TC = 340 K. In order to be certain that the temperature 

of the sample was above or below Tc, a VO2 platelet was mounted next to PEACuCl and used as 

temperature indicator. In fact, VO2 platelet presents a reversible metal-semiconductor phase 

transition at 341 K which has a clear signature in photoemission spectroscopy.[20] The survey 

spectra of PEACuCl at room temperature TR (TR < TC) and high temperature T1 (T1 > TC), shown 

in figure 6.4, show the photoemission lines of all expected elements, namely Cu, N, C, Cl. The 

survey spectra intensity were normalized to Cu. It is clearly shown in figure 6.4 that the intensity 

of C 1s and N 1s is larger at room temperature (TR and T’R) than at high temperature T1. This is 

in agree with the Raman results shown in figure 6.4 collected by A. Caretta.[19] The orientational 

order of the organic molecule at room temperature can make them pack closer, inducing higher 

intensity of C and N peak in the photoemission spectra. The detailed scans of Cu2p3/2, Cl2p and 

N1s core level regions were analysed and are presented in figure 6.6, 6.8 and 6.9. Binding 

energies were referenced to the C 1s photoemission peak, centred at 284.8 eV.[21]   
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Figure 6.5 X-ray photoemission survey spectra of the PEACuCl crystal at room temperature (TR), 

high temperature above TC (T1), and room temperature dropped from TR (T’R). 

The photoemission spectra of the Cl 2p core level region of PEACuCl at TR and T1 are shown in 

figure 6.6. The spectrum collected at TR is fitted with three contributions at binding energies (BE) 

of 198.3 eV, 199.4 eV and 200.7 eV. The first two correspond to the out-of-plane and in-plane 

octahedral Cl-Cu bonds, which form hydrogen bonds (N-H…Cl) with ammonium groups. The 

additional component at higher binding energy, accounting for ~10 % of the total Cl spectra 

intensity is due to Cl-Cu bonds from the second phase, which are different from the octahedral 

ones in the main phase.[8] The spectrum collected at T1 is fitted with two components at 198.8 

eV and 200.3 eV which can be assigned to octahedral Cl-Cu bonds forming hydrogen bond (N-

H…Cl) with ammonium groups and Cl-Cu bonds from the second phase respectively. Hence here 

we can conclude that there are two sorts of hydrogen bonds (N-H…Cl) exist below Tc=340 K, 

which is in line with what A. Arkenbout and A. Polyakov have observed based on XRD results. 

[10], [14] Below Tc, due to the buckling of CuCl6 octahedra, the ammonium group occupies a 

relatively stable position and forms static hydrogen bonds with both the in-plane and out-of-plane 

chlorine atoms. The in-plane chlorine atom form strongest hydrogen bond with the ammonium 

group, corresponding the Cl 2p component at 199.4 eV in figure 6.6 (left). For the hydrogen bond 

between the ammonium group and out-of-plane chlorine, the ammonium group has two options 
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shown in figure 6.7, leading to an off-centre shift of the nitrogen atom. This can be evidenced by 

the Cl 2p component at 198.3 eV in figure 6.6. The shift generates a local electric dipole, which 

is the origin of the polarization.  

At high temperature T1, the ammonium groups can occupy a variety of energetically identical 

positions due to the disappearance of the buckling of the CuCl6 octahedra.[14] This can be 

confirmed by the only main component of Cl 2p peak at 198.8 eV in figure 6.6 (right). It is also 

in agreement with what A. Arkenbout and A. Polyakov have demonstrated based on XRD 

data.[10], [14], [17] 

 

 

Figure 6.6 X-ray photoemission spectra of the Cl2p core level regions of PEACuCl sample at 

room temperature (TR), high temperature above TC (T1), and room temperature dropped from TR 

(T’R) (top panel); The fitting of the spectra at TR and T1 are shown in bottom panels. 
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Figure 6.7 The ammonium group occupies two different positions (a) and (b) below TC = 340 

K.[14] 

The photoemission spectra of Cu 2p2/3 core level region at TR and T1 are shown in figure 6.8. 

Both spectra show a shake-up satellite at the high bonding energy side of the main peak, which is 

a signature of copper being in the +2 oxidation state.[22] The Cu 2p3/2 spectrum at TR can be 

fitted with three components peaked at binding energy of 932.8 eV, 934.8 eV and 936.6 eV; the 

shake-up satellite is fitted with three broad peaks at binding energy of 941.4 eV, 943.4 eV and 

945.2 eV.  The peaks at BE = 934.8 eV and 936.6 eV correspond to the out-of-plane and in-plane 

octahedral Cu-Cl bonds which form hydrogen bond (N-H…Cl) with ammonium groups. The 

lower binding energy component at 932.8 eV also originates from Cu
2+

 which is evidenced by the 

corresponding satellite peak at 941.4 eV.[8] This can be assigned to Cu-Cl bonds from the 

minority phase, which has different coordination from the octahedral ones in the main phase.  

The spectrum of Cu 2p3/2 line collected above TC is fitted with two components peaked at 935.3 

eV and 932.8 eV, which can be assigned to Cu-Cl bonds from the main octahedral phase and the 

second phase; the shake-up satellite corresponding to the Cu
2+

 in the main phase is fitted with 

two narrow peaks instead of one broad peak to the Cu
2+

 in the second phase. The Cu
2+ 

to Cl
-
 ratio 
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can be calculated from the intensities of the components in the spectra normalized by the 

sensitivity factors of each core line. It is found that in the second phase Cu
2+

 : Cl
-
 = 1 : 2.5 at both 

room temperature and above Tc, while Cu
2+

 : Cl
-
 = 1 : 4 for the octahedral coordination in the 

main phase. 

 

 

Figure 6.8 X-ray photoemission spectra of the Cu2p3/2 core level regions of PEACuCl sample at 

room temperature (TR), high temperature above TC (T1), and room temperature dropped from TR 

(T’R) (top panel); The fitting of the spectra at TR and T1 are shown in bottom panels. 

The scan of N 1s core level region at TR and T1 are shown in figure 6.9. The N 1s spectrum 

measured at T1 can be fitted with three components peaked at 400.8 eV, 399.6 eV, 398.4 eV. As 

is known, N is very sensitive to hydrogen bond.[23] The first two peaks can be assigned to C-

NH…Cl which involves the formation of hydrogen bond with the out-of-plane and in-plane Cl 

from the octahedra. In the spectrum at room temperature, an additional component at lower 
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binding energy 398.4 indicates the existence of the minority phase (~10.4%), which is also in 

agree with Raman results done by A. Caretta.[19]  

The spectrum of N 1s line collected above TC is fitted with two components peaked at 398.4 eV 

and 400.1 eV, which can be assigned to C-NH…Cl from the main octahedral phase and the 

minority phase respectively. 

 

Figure 6.9 X-ray photoemission spectra of the N 1s core level regions of PEACuCl sample at 

room temperature (TR), high temperature above TC (T1), and room temperature dropped from TR 

(T’R) (top panel); The fitting of the spectra at TR and T1 are shown in bottom panels. 

6.4 Conclusion 

The XPS data presented here clearly demonstrate the change in chemical environment change of 

Cu, Cl and N below and above ferroelectric phase transition temperature (TC =340 K). Based on a 
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reversible change of the intensity of C and N in the organic components, we suggest an 

orientational order of the organic molecules (PEA) exists at temperature below TC. Moreover, an 

obvious reversible change in the FWHM value of the spectral lines of Cu, Cl, and N can be 

observed. In the main phase of PEACuCl, there are two different Cu-Cl bonds below TC but only 

one type of bond above TC. Below TC, the ammonium groups from the organic cations occupy a 

fixed position and form hydrogen bonds of different strength with chlorine atoms from the CuCl6 

octahedra, while above Tc, the ammonium groups can occupy different positions where they 

form identical hydrogen bond with chlorine atoms.  
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Summary 

Hybrid materials provide versatile platform for integrating organic and inorganic building blocks 

into multifunctional composites. In this Ph.D project, we addressed the design, fabrication and 

characterization of new multifunctional organic-inorganic hybrid system. These materials offer 

the important opportunity to combine useful characteristics from each component as well as to 

create new functionalities which outperform those of the individual building blocks, and are of 

interest for many future applications in electronics, magnetism, and catalysis, etc. 

The studies reported in this dissertation focused on generating new type of organic-inorganic 

hybrid films in easy processing steps performed at ambient conditions. Langmuir-Blodgett and 

Langmuir-Schaefer deposition were employed to assemble organic and inorganic blocks at 

surfaces. These techniques allow to fabricate the hybrid films with excellent control over the 

thickness as well as over the film structure on a variety of substrates. The details of these 

techniques as well as of the characterization methods are described in Chapter 2.  

In Chapter 3, we report how we synthesized a new type of CoCl4-based hybrid Langmuir 

Blodgett film with octahedrally coordinated metal ions in the inorganic layers showing magnetic 

order, which is different from the tetrahedral coordination in the CoCl4-based bulk hybrid. The 

new structure of the hybrid Langmuir Blodgett film goes hand-in-hand with the generation of 

new magnetic properties, namely antiferromagnetic exchange resulting in ferromagnetic ordering. 

Most importantly, the ferromagnetic order parameter, the remanent magnetisation can be 

switched by changing the number of layers. This means that for certain practical applications, this 

multilayer can still be used as a ferromagnet. A MnCl4-based hybrid Langmuir Blodgett film was 

also successfully synthesized but in this case structure and magnetic properties were similar to 

those of the corresponding bulk hybrid. These results indicate that the assembly by the Langmuir 

Blodgett technique allows to tailor the layer-by-layer structure easily and to induce new magnetic 

properties, which make these Langmuir Blodgett films promising candidates for applications in 

electronics. 

In Chapter 4, we detail how we successfully fabricated multilayer of well-ordered metal-

decorated (Cu
2+

 and Fe
+3

) polyhedral oligomeric silsesquioxanes (POSS) by using the Langmuir 

Schaefer method. A “flip over” of even AA layers could be observed during the deposition, 

leading to a periodically repeated AA-Metal(Cu
2+

 and Fe
+3

)-POSS-AA building block. 
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In recent years, considerable attention has been paid to combine POSS molecules and clay 

minerals into hybrid systems that benefit from the best properties of both components. In 

Chapter 5, we demonstrate the successful insertion of metal-decorated (Fe
3+

) organic-inorganic 

polyhedral oligomeric silsesquioxanes (POSS) into clay template, forming well-ordered hybrid 

film in a layer-by-layer fashion. The hybrid film deposition was performed by using Langmuir-

Schaefer method with a good control of the structure built up during the growth.  

In Chapter 6 we describe our X-ray photoemission spectroscopy study of the phase transition of 

Cu-based organic-inorganic bulk hybrid at TC = 340 K, where we were able to demonstrate that 

the chemical environment of Cu, Cl and N is different below and above TC. The combination of 

our results with previous X-ray diffraction and Raman spectroscopy results provides a detailed 

picture of how the structure changes when going through TC.  

In conclusion, different organic-inorganic hybrid systems were constructed through state-of-the-

art technologies, which allow to stack organic and inorganic building blocks with excellent 

control over the layer structure. These hybrid materials open new roads in the design and 

tailoring of materials with desired structural and functional properties.  
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Samenvatting 

Hybride materialen bieden een veelzijdig platform voor het integreren van organische en 

anorganische bouwstenen in multifunctionele composieten. In dit PhD project is het ontwerp, de 

fabricatie en karakterisatie van nieuwe multifunctionele organische-anorganische hybride 

systemen aan bod gekomen. Deze materialen bieden de belangrijke mogelijkheid om de nuttige 

eigenschappen van elk van de componenten te combineren alsmede nieuwe functionaliteiten te 

vormen, wat interessant is voor vele toekomstige applicaties in elektronica, magnetisme, katalyse, 

etc.  

De gerapporteerde studies in deze dissertatie zijn gericht op het genereren van nieuwe 

organische-anorganische hybride films door middel van eenvoudige verwerkingsstappen bij 

standaard omgevingscondities. De assemblage van organische en anorganische bouwstenen op 

oppervlakken is uitgevoerd door middel van Langmuir-Blodgett en Langmuir-Schaefer 

depositietechnieken. Deze technieken maken het mogelijk om hybride films te fabriceren met 

excellente controle over de dikte en de filmstructuur op een verscheidenheid aan substraten. In 

Hoofdstuk 2 zijn de details beschreven van deze technieken en de karakterisatie-methodes. 

In Hoofdstuk 3 wordt de synthese van een nieuw type Langmuir-Blodgett film gebaseerd op 

CoCl4 beschreven, waarbij de octahedraal gecoördineerde metaalionen in de anorganische laag 

magnetische ordering vertonen die verschilt met de tetrahedraal gecoördineerde op CoCl4 

gebaseerde bulk hybride film. Deze nieuwe structuur gaat hand-in-hand met het genereren van 

nieuwe magnetische eigenschappen, namelijk ferromagnetische ordering resulterend uit 

antiferromagnetische uitwisselingsinteractie. Van groot belang is het omschakelen van de 

magnetische order parameter, de remanente magnetisatie, door verandering van het aantal lagen. 

Dit houdt in dat voor bepaalde applicaties de multilaag nog steeds gebruikt kan worden als 

ferromagneet. Daarnaast is een op MnCl4 gebaseerde hybride Langmuir-Blodgett film succesvol 

gesynthetiseerd, echter zijn de structurele en magnetische eigenschappen identiek aan de 

corresponderende bulk hybride film. Deze resultaten geven aan dat de assemblage door middel 

van de Langmuir-Blodgett techniek laag-bij-laag structuren eenvoudig kan aanpassen, wat 

nieuwe magnetische eigenschappen kan induceren. Dit maakt Langmuir-Blodgett films 

veelbelovende kandidaten voor applicaties in elektronica. 
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In Hoofdstuk 4 is de succesvolle fabricage beschreven van multilaag: welgeordend metaal-

gedecoreerd (Cu
2+

 en Fe
3+

) polyhedraal oligomeer silsesquioxaan (POSS), door middel van de 

Langmuir-Schaefer methode. Een "flip over" van een even aantal AA-lagen is geobserveerd bij 

depositie, wat leidt tot een periodiek herhalende AA-Metaal(Cu
2+

 en Fe
3+

)-POSS-AA bouwsteen.  

Veel aandacht is de afgelopen jaren besteed aan het combineren van POSS-moleculen en 

kleimineralen in hybride systemen die profiteren van de beste eigenschappen van elk van de 

componenten. In Hoofdstuk 5 is de succesvolle incorporatie beschreven van het  metaal-

gedecoreerde (Fe
3+

) organisch-anorganische polyhedraal oligomeer silsesquioxaan (POSS) in een 

klei-sjabloon, wat leidt tot welgeordende hybride films in een laag-bij-laag vorm. De hybride film 

depositie was uitgevoerd door middel van de Langmuir-Schaefer methode, waarmee gedurende 

de groei goede controle over de opbouw van de structuur is behaald.  

In Hoofdstuk 6 is de röntgenfoto-elektronenspectroscopie studie van de fase transitie (TC = 340 

K) van op Cu-gebaseerd organische-anorganische bulk hybride beschreven, waarmee is 

aangetoond dat de chemische omgeving van Cu, Cl en N verschilt boven en onder TC. De 

combinatie van deze resultaten met eerdere röntgendiffractie- en Raman spectroscopie-resultaten 

geeft een gedetailleerd beeld weer van de structuurveranderingen bij het passeren van de 

transitie-temperatuur.  

Ten slotte zijn er verschillende organische-anorganische hybride systemen geconstrueerd met 

behulp van state-of-the-art technologieën, waardoor organische en anorganische bouwstenen met 

uitstekende controle in een gelaagde structuur kunnen worden gestapeld. Deze hybride materialen 

openen nieuwe wegen in het ontwerp en het op maat maken van materialen met de gewenste 

structurele en functionele eigenschappen. 



Acknowledgment 

- 109 - 

 

Acknowledgment 

With the last few pages, I would like to thank all the people who accompanied me and 

helped me during my PhD research and during my stay in Groningen in the past 5 years.  

First and foremost, I would like to give my deepest gratitude to my supervisor 

Professor Petra Rudolf. Dear Petra, thank you very much for offer me the opportunity to 

do my PhD research in Surface and Thin Films group. I really appreciate your hospitality 

and your individual approach to supervision. Thanks for your continuous encouragement 

and your constructive advice whenever I encounter frustration during my research, in 

particular during the first two years. I also appreciate the degree of creative freedom in 

our group and the large flexibility you gave to me through my PhD. Apart from that, 

thank you for all the trainings you provide to me and enrich me to be independent 

researcher, which will definitely benefit me in my future career. Petra, it was really great 

time to work with you in the past five years and again many thanks to you for your 

guidance and help. 

   Next, I express a tremendous amount of respect and appreciation to Professor Thom 

Palstra. Dear Thom, I am lucky that part of my PhD projects were supervised by you. Our 

interaction were condensed and focused, however, I appreciate the outcome of each 

discussion. I am so happy for you and all best wished to you for your new career as 

Rector Magnificus of University of Twente.  

   I am very thankful to members of the thesis assessment committee Prof. dr. B. 

Noheda, Prof. dr. ir. P. H. M. van Loosdrecht, and Prof. dr. L. Chi for approving the 

manuscript and for your comments of the Chapters.  

It was my honor to meet and talk with distinguished scientists. Prof. dr. Beatriz 

Noheda, thank you for giving me access to use the XRD machine in your lab. You are a 

brilliant scientist, I learned a lot from the discussion we had. Dr. Giuseppe Portale, thank 

you for GISAXS and EXAFS measurement for us. The discussion with you about the 



Acknowledgment 

- 110 - 

 

results inspired me a lot. Prof. dr. Dimitrios Gournis, Dr. Graeme Blake, thanks a lot for 

giving the chances to discuss with you about my XRD results. 

Many thanks also go to Chinese Scholarship Council (CSC) for financially supporting 

me doing PhD in the University of Groningen. I also appreciate the help of the Education 

Section of Chinese Embassy in the Netherlands. I also thank the Graduate University, 

Chinese Academy of Science as well as Institute of Chemistry, Chinese Academy of 

Science for making the whole procedure of CSC grant application. 

I would like to give my grateful thanks to dr. R. Y. N. Gengler. Regis, it was a great 

pleasure to work with you, thanks a lot for your daily supervising and the constructive 

suggestions you gave during the experiments. All the best wishes to you and your family. 

Also, I am thankful to my colleague dr. G. Potsi. Georgia, you are so nice person, I really 

enjoyed working with you during the last two years, and we have fruitful results. I wish 

you good process in your future career. 

Many thanks to all the people who helped me greatly and made the results achievable. 

Firstly, I want to thank Naureen and Oleksii for introducing me to X-ray photoelectron 

spectroscopy, which I kept using in different projects till the end of my PhD. Besides 

thank you, Naureen, for teaching me how to use Langmuir-Blodgett technique. I am also 

grateful to Jacob Baas for your technical support of the XRD and MPMS measurement. 

   Moreover, I would like to take this opportunity to thank our secretaries Yvonne and 

Hilda. Thank you both for your kind help which made my life easier in Groningen. 

   At this point, I would like to thank my colleagues in Surface and Thin Films group 

who helped me greatly both inside and outside of the group.  

Peter, since you are the only Dutch PhD student in our group, I always come to you 

when I have Dutch letters need to be translated. I couldn’t remember how many times 

you explained me in patience the emails or letters which I received daily life. Wish you 

all the best in your new job.  

Jos, you are a very professional technician. More importantly, you are a warmhearted 



Acknowledgment 

- 111 - 

 

person and always offer to help us when we ask. I am very thankful to you for translating 

the summary of my thesis into Dutch and I wish you all the best in future. 

Tashfeen, you are a wonderful person, I enjoyed our discussions about science and 

non-science topic. Moreover, thank you for agreeing me to be my paranymph. I wish you 

good process with coming PhD defense in a near future. 

 I would like to gratefully acknowledge the support of other group members in our 

group. Luc, Luca, Lam, Martina, Pascal, Foqia. 

   My grateful thanks to all the people in the office 5112.0066, of which the number I 

really like. Sumit and Ali, I am so lucky to have you guys to be my officemate, we have 

so many unforgettable moments in our office. I appreciate your patience and the positive 

attitude we kept up over these years, I enjoyed the countless discussions in our office, 

about science, about life and so many others. Nic, I also appreciate the time we spent 

together in our office. Sadaf, I enjoyed a lot the discussion we had together about cultures, 

humanity. 

   Special acknowledgment to dr. Meike Stohr and her group. Jun, Fei, Nico, Leonid, 

Bay, Ahn, Juan Carlos, Florian, Stefano, Kathrin, Brian, Fika, Dario, thank you for the 

nice time in the lab, during group meeting and group trips. Jun, I greatly appreciate you 

for agreeing to be my paranymph. I wish you all the best in your future career.  

   Many thanks to Jacob, Guowei, Asha, Anil, Jeroen, Alex, Mart, Yingfen and all other 

members of SSME for being so cooperative through my PhD life. Many thanks also go to 

Johan Holstein for giving me the access and training me to use the clean room of 

nanolab. 

    



Acknowledgment 

- 112 - 

 



Acknowledgment 

- 113 - 

 



Acknowledgment 

- 114 - 

 

 

 

                                                            Jiquan Wu 

 2017-05-16 

Groningen 

 

 

 

 

 

 

 



 

- 115 - 
 

Jiquan Wu was born in Shandong, China (1986). 

He did his undergraduate degree in Polymer 

Science and engineering at Northwestern 

Polytechnical University (NPU) (2005 - 2009). 

In the summer of 2009, he started his master 

studies in the Institute of Chemistry of the 

Chinese Academy of Sciences. His master’s 

research, supervised by Prof. Caihong Xu, focused on the synthesis of 

Si-based preceramic polymers as well as on the fabrication of 

micro/nano-porous SiCO ceramics and aerogels. In 2012, he moved to the 

University of Groningen in the Netherlands to carry out his Ph.D. in the 

Zernike Institute for Advanced Materials. His Ph.D. research, supervised by 

Prof. Petra Rudolf, was centered on the synthesis of various nanostructured 

organic-inorganic hybrid materials, prepared by the Langmuir-Blodgett or 

the Langmuir-Schaefer method. Jiquan Wu utilized various analytical tools 

to characterize his samples, namely X-ray Photoelectron Spectroscopy, 

MPMS, X-Ray Diffraction, Grazing-Incidence Small-Angle X-ray 

Scattering, optical spectroscopy in the UV/visible range, and 

Thermogravimetric Analysis. 

 



 

- 116 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 117 - 
 

 

List of publications 

1. Jiquan Wu, Naureen Akhtar, Regis Y. N. Gengler, Thomas T. M. Palstra, Petra 

Rudolf, ‘Generating new magnetic properties in organic-inorganic hybrids’, J. Mater. 

Chem. C. 2017, 5, 1782. 

2. G. Li, R. Su, J. Rao, J. Wu, P. Rudolf, G. R Blake, R. de Groot, F. Besenbacher, T. T. 

M. Palstra, ‘Band gap narrowing of SnS2 superstructures with improved hydrogen 

production’, J. Mater. Chem. A, 2016, 4, 209-216. 

3. G. Li, B. Zhang, B. Tigran,
 
J. Rao, J. Wu,

 
Alla A. Novakova, P. Rudolf, G. R. Blake, 

and T. T. M.Palstra, ‘Metal-insulator transition induced by spin reorientation in 
Fe7Se8 grain boundaries’, Inorganic Chemistry,  2016, 55 (24), 12912–12922. 

4. Tao Yuan, Jiquan Wu, Tao Zhang, Petra Rudolf, Rainer Bischoff, Hjalmar 

Permentier, ‘Catalytic N-dealkylation of drug molecules on a nanoporous gold 

surface’, submitted. 

5. Jiquan Wu, Georgia Potsi, Regis Y. N. Gengler, Petra Rudolf, ‘Fabrication of highly 

ordered Cu2+/Fe3+ substituted POSS thin films, a case study of structure influenced 

by metal coordination’, to be submitted. 

6. Jiquan Wu, Georgia Potsi, Regis Y. N. Gengler, Petra Rudolf, Insertion of 

metal-decorated (Fe) organic-inorganic cage-like polyhedral oligomeric 

silsesquioxanes into a clay template by the Langmuir Schaefer method, to be 

submitted. 

7. Jiquan Wu, Georgia Potsi, Regis Y. N. Gengler, Thomas T. M. Palstra , Petra Rudolf, 

XPS study of the ferroelectric phase transition in a layered Cu-based 

organic-inorganic hybrid, to be submitted. 

 

 

 

 

 

 

http://dx.doi.org/10.1039/2050-7496/2013
http://pubs.rsc.org/en/content/articlehtml/2015/ta/c5ta07283b
http://pubs.rsc.org/en/content/articlehtml/2015/ta/c5ta07283b
http://dx.doi.org/10.1039/2050-7496/2013


 

- 118 - 
 

 


